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PREFAOE. 



THE present-day student of Physics soon becomes aware 
of the fact that important contributions have been 
added to this branch of knowledge in recent years, which 
are barely if at all referred to in general treatises. The 
text-book, even when fresh from the press, is, perhaps neces- 
sarily, several years behind the wave-front of advancing 
knowledge. Attention is liable to be especially long withheld 
in the case of work done outside one's own country. 

An attempt is here made <-o give a connected description of 
the ground covered and of the paths of advance in some of the 
recently acquired provinces of Physics. The book is based on 
a series of bi-monthly articles, under the same title, which 
appeared in " The Electrician " in 1910 and onwards. The 
author desires to express his thanks to the Editor and to the 
Publisher for placing the text of the articles and the blocks 
used for the illustrations at his disposal. 

London, September, 1913. 
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CHAPTER I. 



POSITIVE RAYS. 

§ 1. As Helmholtz and Maxwell independently remarked, 
Faraday's laws of electrolysis point to the conclusion that 
atoms of electricity exist just as surely as do atoms of matter. 
In liquids the ratio ejin of charge to mass is known to vary 
with the chemical nature of the ion, being greatest (nearly 
10* E.M. units of electricity per gramme) in the case of hydrogen. 
The carriers of negative electricity in liquids are never less than 
atomic in size. In gases, on the other hand, during the passage 
of a current, we now know that there are present negatively 
charged particles of mass far smaller, namely, some ttVw part 
of the mass of the H atom ; moreover, these particles are the 
same no matter what the gaseous molecule from which they 
have been extracted. The mass of these negative particles 
appears to be purely electrical in origin ; for it is found by 
experiment to increase with the speed in a way that had already 
been predicted of an electric charge in a classical Paper pub- 
lished by Sir J. J. Thomson in 1881. Again, the efiect of a 
magnetic field on the light emitted by a gas (the Zeeman effect) 
is evidence of the presence of negatively charged particles 
associated with the light-giving molecules; and exact measure- 
ments establish very conclusively the identity of these 
particles with those found in the electric discharge in gases at 
low pressures. The phenomena of the conduction of electricity 
and of heat in metals have been correlated on the assumption 
of the presence of these free electrons or corpuscles within the 
inter-molecular spaces of the metal. 

§ 2. The existence of the negative electron, or corpuscle, may 
now be regarded as firmly established. One or more corpuscles 
may be abstracted from a molecule ; the molecule is then said 
to be positively charged. What is this positively charged 
residue ? Is the negative the only kind of electricity, the rest 
of the molecule being matter ? Or is there a charge of positive 
electricity, distinct from the matter of the molecule ? Or is the 
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2 RECENT PHYSICAL RESEARCH. 

residue left on separation of tlie corpuscle positive electricity, 
possessing, like the negative, inertia ? The first and tMrd 
questions are clearly one and the same ; an affirmative answer 
•would mean that the molecule was composed simply of negative 
and positive electricity, all the properties of the molecule, 
including its mass, being explicable in terms of electricity. 

Accepting, then, the existence of the negative electron as 
proved, the question arises as to what fraction of the mass of 
the molecule is due to the electrons present. In June, 1906, 
Sir J. J. Thomson advanced three lines of argument, based on 
experimental data, all leading to the conclusion that the 
number of corpuscles in the atom is of the order of its atomic 
weight. The number in hydrogen would be one, or at all 
events not a large multiple of one, in the mercury atom 200, 
and so on. In view of the small mass of the corpuscle it ap- 
pears that by far the greater part of the mass of an atom resides 
in the positively charged residue. What, then, is the consti- 
tution of this residue ? Is it composed of small units which, 
like the electron, are the same for all substances ? If so, what 
is the charge of this unit and its associated mass ? Attempts 
towards the elucidation of these questions have been made 
mainly by examination of the mechanism of the passage of 
electricity through gases. These investigations show that in 
a vacuum tube there are rapidly moving streams of positively 
electrified particles, corresponding to the now well-understood 
streams of electrons or cathode rays. 

Positive § 3. These positive streams were first observed by Goldstein 
Rays. in 1886, being called Canal rays. They are seen streaming 
through a hole in the cathode in a discharge tube, their direction 
being perpendicular to the front surface of the cathode and 
away from the anode. Similar rays are seen streaming from 
the cathode in the opposite direction, from cathode towards 
anode ; these are Goldstein's Kj^-rays, also since denoted by 
the term " retrograde rays." In all, Goldstein specifies five 
types of positively charged ray in the vacuum tube. In hydro- 
gen the canal and the retrograde rays — to specify the chief 
types — are rosy red in colour ; in air they are blue. They 
cause metallic salts on which they impinge to emit the charac- 
teristic hght of the metal — e.g., sodium salts glow with an 
intense yellow light, salts of lithium with a red light. When 
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they fall on thin metallic films the films are disintegrated. 
Later on, in 1906, Reiohbnheim discovered the Anode rays, 
consisting of rapidly moving, positively charged particles 
starting from the anode, one stream moving forward towards 
the cathode, a second stream in the opposite direction. 

These various streams of positively charged particles may 
conveniently be grouped together under the title of Positive 
Bays, as suggested by Sir J. J. Thomson. 

§ 4. Whilst Goldstein traced the direction and apparent place 
of origin of positive ra3'S, Wien made measurements of the ratio 
of charge to mass and of their velocity. The measurements 
disclosed the fact that the positively charged particles con- 
cerned diSer essentially from the negative electron in having 
large masses of the order of the mass of the atom. 




Fig. 1. — Positive-Ray Tube. 

C cathode. F — oanal-ray tube. AA — the electrostatic plates. PP — 

the magnetic poles. II and WW — iron plates to screen the cathode space 
from the field of PP. (" Phil. Mag.", Oct., 1910.) 

In 1907 Sir J. J. Thomson began a series of important con- 
tributions to our knowledge of these rays. Of this work we 
will proceed to give a brief account. The canal rays are found 
to possess speeds of the high value 2 x 10^ cm. per sec. — that 
is, nearly one-hundredth the speed of light — a speed which, 
though enormous, is yet inferior to the speeds attainable in the 
cathode rays (6x10" cm. per sec). The values of the e/m 
ratio and of the velocity are obtained from the deflections 
produced by the combined application of laiown magnetic and 
electric fields, the rays being received on a Willemite phos- 
phorescent screen. The tube used is shown in Fig. 1 . The first 
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series of experiments (" Phil. Mag.", May, 1907, and September, 
1907) showed that the particles in the canal rays were of two 
kinds, the value of e/«i for one set being 10*, for the other 10*/2. 
The remarkable result was found that these values are the 
same no matter what the gas in the tube may be, whether 
hydrogen or oxygen, or heavy vapours like CCI4 or UrCl4. 
They are seen to be the same as for the atom and the molecule 
respectively of hydrogen, if we suppose that the charge carried 
is the same in each case as that carried by the H atom in the 
electrolysis of liquids. Careful and prolonged experiments 
confirm the fact that these values are found when special means 
are taken to exclude hydrogen from the tube. Or, to reverse 
the procedure, starting with a gas entirely free from hydrogen, 
it appears that the gradual introduction of hydrogen does not 
afiect the character of the phosphorescence produced by the 
deflected beam. If, for example, oxygen be used, no particles 
are observed whose e/m ratio equals 10*/16 or 10*/32 — that is, 
involving an atom or molecule of oxygen. The retrograde 
rays by a similar examination appear to be of one kind only — 
namely, positively charged particles having the same speed 
(2 X 10* cm. per sec.) as the canal ray particles, but with the 
larger value of e/m — that is, 10*. 

It will be seen that these results strikingly resemble those 
now familiar in the case of the cathode rays. The rapidly 
moving particles constituting the canal rays appear to be 
independent of the nature of the gas in the discharge tube. 
Sir J. J. Thomson was thus led to propose the view that we 
have here prcwf of the existence of a definite unit of positive 
electricity, which can, like the corpuscle, be detached from the 
molecule. 

The immediately succeeding Papers of Sir J. J. Thomson are 
largely concerned with the manner of production of the positive 
unit from the molecule. One striking experimental result is 
that the kinetic energy of each particle in the rays is many 
times greater than the work that would be done upon it in 
virtue of its fall down the electric field in the tube. This 
velocity is practically independent of the fall of potential across 
the tube. A total fall of 3,000 volts produces the velocity 
2 X 10* cm. per sec, which a simple calculation — equating Ve 
to ^ mv^ — shows to correspond to a potential drop of 20,000 
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volts. The P.D. could be increased from 3,000 to 40,000 volta 
without any apparent efEect on the velocity. The view is there- 
fore taken that a molecule of gas in the discharge tube receives 
energy from the collisions with it of the cathode-ray particles. 
This energy the molecule accumulates until the point of ex- 
plosion is reached, when a " neutral doublet," composed of one 
unit of positive electricity and a corpuscle, is shot out at high 
speed. 

The canal and retrograde rays are, on this view, regarded as The 
consisting, at their inception, of neutral doublets. Their high [i*"*|[^', 
speed renders them comparable with the particles of a gas at 
very high temperature, say some hundreds of thousands of . 
degrees Centigrade. Dissociation may take place, resulting 
in the production of particles of free positive and negative 
electricity respectively. These in their turn may re-combine 
to a neutral doublet ; or the neutral doublet may unite with a 

B B D 

• • • 



• • • • 

A A AC 

(a), (6), (c), 

FiQ. 2. 

corpuscle to form a negatively charged particle of mass prac- 
tically unaltered, since the mass of the corpuscle is almost 
riegUgible. The canal and retrograde rays would thus be com- 
posed of charged particles, negative as well as positive, whose 
e/m ratio is 10*, and of neutral doublets. The facts of disso- 
ciation and re-combination are clearly shown by the following 
experiments. A beam of canal rays is subjected to two mag- 
netic fields in succession, their directions being perpendicular 
to each other and to the direction of the rays. The first field 
may be placed near the cathode, the second further along the 
beam, which goes on and impinges upon the phosphorescent 
screen. The effects on the screen may be represented as in Fig. 2: 
(a) represents the bright spot A on the screen before either 
magnetic field is on ; (6) represents the effect of switching 
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on the first field. Two spots are now seen, one at A in 
the undisturbed position, the other at B, whose deflection 

corresponds to the ratio — = 10*. The spot A is produced 

by rays unaffected by the field, therefore presumably uncharged 
while passing through it ; (c) represents the effect when 
both fields are on. The undeflected spot A is still seen, corre- 
sponding to particles that have remained uncharged in the 
whole of their path. A new spot appears at C, showing deflec- 
tion by the second field of particles which have acquired their 
charge since leaving the first field. A spot still persists at B, 
proving that particles which were charged in their passage 
through the first field have lost their charge in the space inter- 
vening between the two fields. The spot at D is due to particles 
which have kept their charge from the first field to the second. 
The equality of the deflections AC and BD proves the equality 
of speed and e/wi ratio of the two sets of particles concerned. 
Here we have simple evidence of the dissociation and re-asso- 
ciation of oppositely charged pg,rticles which, on the view here 
considered, are the units of positive electricity and corpuscles 
respectively. 

The " neutral doublet " has been invoked also in the ex- 
planation of the mechanism of ionisation in gases at higher 
pressures under the influence of X-rays, &c. The experiments of 
WeUisch (" Proc. Roy. Soc", July, 1909) show that the velocity 
of positive ions in a mixture of a heavy gas, say CCI4, with 
hydrogen is practically the same as that of a charged hydrogen 
molecule, though the direct dissociating effect of the ionising 
agent is almost solely confined to the heavier molecules. It is 
considered impossible that the large molecule, minus a corpuscle,, 
could transfer its positive charge to the smaller one, as an 
increase in potential energy would be involved. The results 
are in harmony with the view that the act of ionisation consists 
in the ejection from the molecule of a Thomson neutral doublet 
which breaks up into the positive unit of electricity and a cor- 
puscle, these then uniting with the molecules present in the gas 
to form the moving ions. 

§5. This account of the views held by Sir J. J. Thomson 
cannot be said to give a very clear perception of the nature of 
the positive imit. The high-speed positive particles in tie 
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vacuum tube are independent of the gas whence they are pro- 
duced. The ratio of charge to mass is laiown, but not the 
absolute value of either. Whether the value of the charge of 
the positive unit is equal to that of the negative electron is not 
determined. The ratio e/m is the same as for a H atom in the 
electrolysis of acidulated water. Does this mean that a 
hydrogen molecule is composed of two units of positive elec- 
tricity and two corpuscles ? Again, if the preliminary to ionisa- 
tion of the molecule is extrusion of a fundamental constituent 
of all molecules, namely, the neutral doublet, with subsequent 
decomposition of the latter one would expect to find positive 
particles of e/m=10* amongst the rays emitted by radioactive 
bodies. Prof. Eutherford's remarkable series of experiments 
on the a-particle prove that this body is a positively charged 
atom of helium : that is, a particle whose mass is about four 
times that of the hydrogen atom, although the velocity of the 
particle (10^ cm. per sec.) is many times greater than that of 
the high-speed positive rays in the vacuum tube. 

§6. Other hues of experimental research which have a other 
bearing on the question of the existence of a free positive Lines of 
unit of electricity may be touched upon. It is well known that Research 
the Hall phenomenon varies in sign in different metals. The pg^jtiyg 
same remark appears to be true of the Zeeman efiect. This Unit. 
effect of a magnetic field on the period of vibration in line 
spectra has been explained satisfactorily in terms of the elec- 
tron, the e/m ratio deduced from the observed displacement 
of the lines working out to be equal to that obtained in experi- 
ments in the gas discharge tube and on the /S-rays emitted by 
radio-active bodies. Jean Bbcquerel (1909) has shown that 
the Zeeman effect applies also in the case of the absorption 
bands of some crystalline bodies and their solutions. Further- 
more, he records that he has observed a reversalof sign ; that 
the sign of the accelerated circularly polarised component, as 
viewed along the direction of the magnetic field, is in some cases 
opposite to that hitherto observed. This result is confirmed 
by DuFOUE in the case of certain gaseous emission spectra. In 
the previous year Prof. R. W. Wood had discovered a positive 
rotation in the case of some of the absorption bands produced 
when plane-polarised light is passed through sodium vapour 
in a magnetic field. If the normal effects in the above-men- 
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tioned classes of phenomena are due, as has been supposed, to 
the presence of negative electrons, the question arises whether 
the reversed efiects are to be taken as implying the presence of 
positive units corresponding to electrons. 

Mention may be made, too, of the discovery by Staek, of 
Gottingen, of the Doppler efEect in the light emitted by the 
positive rays in a vacuum tube discharge. Measurements of 
this efEect led to the determination of the speed of the par- 
ticles emitting the light, and seem likely to contribute to our 
knowledge of positive electricity. 



CHAPTER II. 



POSITIVE RAYS (continued). 

§ 1. A considerable amount of work of great interest has been 
done on tlie subject of the positive rays in the course of the 
last three years. In gathering together the new issues that 
have arisen, the new experimental methods of attack, and the 
results that have accrued, one feels the appropriateness of a 
remark of Goldstein's. In 1908 Goldstein published an English 
translation of his work up to 1902, representing the main 
results of 16 years' observation on these rays. He ex- 
pressed in a footnote to the Paper the hope that this reprint 
would prove to the reader that " canal rays are a much more 
comphcated phenomenon than generally admitted." In recent 
years the number of workers has steadily grown : the subject 
has been taken in hand by a great number of distinguished 
workers both in this country and in France and Germany. The 
collision of views as to the proper interpretation of phenomena 
wHch appears in the published records is an eloquent con- 
firmation of Goldstein's sense of the peculiar difficulties of the 
subject. Some very definite facts, however, have been estab- 
lished, which show that a great field of work of the highest 
importance is here under exploration. Attention will be 
directed in this article mainly to the work of Sir J. J. Thomson 
in the Cavendish Laboratory ; briefer reference will be made 
to the work of W. Wien, J. Stark and other experimenters. 

§ 2. The properties of the rays may be first briefly charac- Summary 
terised, the description being limited to the class of rays of of Properties 
greatest importance, on which by far the greatest amount of p.yf* * 
attention has been concentrated, namely, the canal rays. 
These rays in the main originate in the negative glow — that is, 
just beyond the Crookes' dark space. In this region positively 
charged particles of atomic or molecular dimensions are present, 
which move with acceleration in the electric field. On arrival 
at the cathode, with high velocities depending on the potential 
fall, a bundle of these moving particles is admitted through a 
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fine tube set perpendicular to the cathode, and continues it» 
course in the space behind. When these rays impinge on 
certain materials they produce phosphorescence. Sodium 
salts show a brilliant yellow coloration, lithium salts a red. 
Willemite is extremely sensitive to the rays, giving a brilliant 
bluish-green glow. 

The rays afiect a photographic plate, the action being appa- 
rently greater the faster the ray. The heating efEect on an 
obstacle is large. They are deflected by both electric and 
magnetic fields, a narrow bundle being spread out into a band,, 
thereby evidencing the heterogeneity of the constituents. All 
the above-mentioned properties have served as the basis of 
quantitative observation. Some of the particles are charged 
with positive electricity, some with negative (the number of 
these being generally, perhaps always, less than, that of the 
positive), whilst a large proportion are electrically neutral. 

They produce ionisation of the gas which they traverse. 
They possess speeds up to 2x10^ cms. /sec, which is the 
value attained in hydrogen under the highest potential falls 
that are used. The track of a bundle is luminous, and if viewed 
in the direction of its length shows the Doppler effect — this 
property, too, serving as a basis of quantitative estimation. 

The chemical constitution of the particles depends on the 
gas present in the tube. Under the influence of the electric 
discharge violent disruption of molecules takes place : for 
example, in the case of benzene vapour some 17 difierent 
carriers of positive electricity have been observed. The sorting^ 
out by magnetic and electric fields constitutes a novel method 
of chemical analysis, revealing not only the nature of atoms 
and molecules but also of the fractional parts into which the 
latter may be decomposed. 

An essential distinction between these rays and cathode rays 
— apart from that of sign of charge — ^is the fact that the 
electric charge of the positive rays is never associated with, 
any portion of matter smaller than the atom. The hydrogen 
atom is thus the lightest positive particle encountered. 

Atoms, with the exception of hydrogen itself, are capable of 
taking up sometimes more than one unit of positive electricity 
(the unit = charge of the hydrogen charge in electrolysis of 
water). In the case of mercury the number of charges may 
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be as great as eight. Molecules appear never to be multiply- 
cbarged. 

§ 3. Experimental Methods of Study. — The chief metrical Experi- 
methods which have been employed are as follows : — Melhoils 

(1) By the heating effect. — The rays are drawn out into a 
band by a magnetic field, and allowed to fall on a linear thermo- 
pile set perpendicular to the band, and capable of screw 
motion perpendicular to its length. Thus the energy of the 
different constituent particles may be compared. This is the 
method recently employed by Wien. 

(2) By the use of parallel coterminous steady magnetic and 
electric fields. — The rays are thus sifted into a kind of spectrum 
of parabolic bands, which are studied either by means of a 
willemite phosphorescent screen, or by a photographic plate, 
or by the Faraday cylinder. These are the methods which 
have been adopted by Sir J. J. Thomson. 

(3) By the Doppler Effect. — The canal-ray beam is examined 
in the direction of its length by the aid of a prism spectrograph, 
or a metallic grating of high dispersive power. Using a photo- 
graphic plate two sets of spectral lines appear : the " stationary" 
set, the lines in which coincide with those obtained when 
the collimator is set perpendicular to the beam ; and the " dis- 
placed " set, the lines of which are to the violet side of the 
corresponding stationary lines. Measurements have been made 
by Stark, Paschen, and Eeichenheim and Gehrcke. 

Sir J. J. Thomson's Expekiments. 

§ 4. It will be seen from the preceding chapter that Sir J. J. 
Thomson's earliest work was mainly concentrated on the 
attempt to prove the separate existence of a definite carrier of 
positive electricity, independent of the chemical nature of the 
gas used in the discharge tube. Strong evidence was adduced 
that such a particle exists, the ratio of its charge to its mass 
being identical with that of the hydrogen atom in electrolysis 
of a liquid, viz., 10*E.M. units. The phosphorescent screen 
proved that in spite of extraordinary care to clear hydrogen out 
of the tube particles of the above kind manifested their presence, 
whilst no evidence of the existence of heavier atoms was 
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disclosed. It was only when the Faraday cylinder was 
employed that the significance of this efiect was discovered. 
The phosphorescent screen and the photographic plate are 
very partial to the most rapid particles. The minute quantities 
of hydrogen which are evolved by the electrodes and by the 
glass walls of the tube are sufficient to show strong phos- 
phorescent (and photographic) efiects, and this liberation of 
gas does not seem to decay with time. 

It appears then that decomposition of the molecule may 
take place, but not of the atom (apart from the loss of corpuscles). 
The recent work has been directed to a kind of chemical analysis 
of the particles present in the tube, and there emerges a power- 
ful method of discovery of new elements or atomic groupings. 

§ 5. Let us proceed to consider the theory of the deflections 
sufEered by the particles under the combined electric and mag- 
netic fields. We have seen in the preceding chapter how by 
applying the fields in succession it has been proved that the 
particles do not proceed without change after passing through 
the cathode. Charged bodies may become neutral, neutral 
particles may take up a charge. The interpretation of the 
deflections is simplest when the two fields are coterminous. 
The fields being parallel, the electric and the magnetic deflec- 
tions are in planes at right-angles to one another. If the elec- 
tric deflection is along the axis of x, the magnetic deflection 
along the axis of y, we may write 



x=k . ;, 

mv- 



■ (electric deflection). 



(i-) 



y=B 



e 

mv 



. (magnetic deflection), 



(ii.) 



A and B being ascertainable constants depending on the re- 
spective strengths of field and on geometrical data. It follows 
that if the rays fall upon a plate set normal to the initial direc- 
tion of projection, all particles having the same ratio e/m of 
charge to mass will be on a parabola 
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The fastest particles will be nearest to the axis of y, the 
slowest furthest away. There will be as many parabohc bands 
as there are ratios e/m. The value of the reciprocal of this, or 
m/e, with respect to the value for the hydrogen atom has been 
termed the electric atomic weight of the particle. 

From equation (i.) it is seen that for the same charge the Minimum 
value of X is inversely proportional to the kinetic energy of the 
particle. If the particle carrying its positive charge e falls 
through the whole length of the dark space we have 

eV=|wt)^, (iv.) 

where V represents the potential fall across the dark space- 
This represents the maximum kinetic energy a particle of the 
given charge can have. If e is the same for all the particles, 
these will pass through the cathode with the same kinetic 
energy, and thus undergo the same minimum electric deflection. 
Where a particle has received its charge e at some intermediate 
point of the dark space it will absorb less kinetic energy and 
therefore lie at a point on the parabola further from the axis 
of y. The minimum magnetic deflection, on the other hand, 
will be inversely as the square root of the mass of the particle. 
Assuming, then, these particles to have the same charge after 
as well as before passage through the cathode, the effects ob- 
taiued on the screen or photographic plate will be as represented 
in the diagram (Fig. 3). 

§ 6. The earlier experiments showed no evidence of the pres- Improved 



ence of particles other than those consisting of the light gases 
hydrogen and helium. A great improvement in conditions ments! 
was secured by the use of much larger discharge tubes. It thus 
became possible to work at reduced gas pressures, and therefore 
at higher voltages, without danger of rupture of the tube. 
Flasks of as much as 11 litres capacity were used, but generally 
2 litres was found sufficient. The particles thus acquired 
a greater velocity and at the same time the absorptive influence 
of the residual gas behind the cathode was appreciably 
diminished. The observation space behind the cathode was 
indeed often kept at a much lower pressure than the discharge 
space by means of charcoal and liquid air. The resistance of 
the fine canal-ray tube connecting the two spaces is so great as 
to render this result quite possible. The earlier experiments 
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only showed the presence of bands due to hydrogen and helium. 
Fresh parabolic bands now made their appearance, due to 
carbon, oxygen, neon, mercury, &c. 

Another important step was the substit^ition of the photo- 
graphic plate for the phosphorescent screen. Plates could 
be enclosed in a light-tight metal case within the tube and 
m.oved into position for exposure to the rays by the rotation of 
^ perfectly fitting glass stopper (see Fig. 4). It was found that 
.after only three minutes' exposure to the rays bands appeared 



H = l 



H,=2 




Electric Deflectign ""^ 

Pig. 3. — Parabolic Bands. 

Equal minimum electric deflection. The parabolic slit S is employed 
in con]'unction with the Paraday cylinder. 



on the plate after development, of which no trace was to be 
seen on the willemite screen. Much finer beams could now be 
worked with. Tubes of copper drawn out to diameters between 
0-1 mm. and 0-01 mm., and about 8 cm. in length, were used. 
Later a very fine channel was obtained by making a fine scratch 
on a truly plane steel plate which was bolted down to a similar 
plate ; in this case exposures of from two to three hours were 
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iound necessary, special care being taken to maintain invariable 
the P.D. across the discharge tube and the strength of the de- 
flecting fields. 

A quantitative method of attack was next added, 
namely, the determination by the Faraday cylinder of the 
charge carried by the particles. The tube with cylinder 
attached is represented in Fig. 5. The rays after passage 
through the combined magnetic and electric fields was allowed 
-to fall on a parabolic slit cut in a metal plate. Behind the slit 




Plan. 



Elevation. 



Fia. 4.^Abrangement fok photoqkaphing the Rays. 
("Phil. Mag.," Feb,, 1911.) 



"was the insulated Faraday cylinder into which the particles 
•entered, carrying with them their charges. From the rate of 
increase of potential of the cylinder (a Wilson tilted electro- 
scope was used) the actual number of charged particles could 
be deduced. By reference to Fig. 3 it will be seen how by suit- 
ably varying the magnetic field each parabolic band in turn 
<could be made to cover the slit S. 

The combination of the photographic method and the 
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Faraday cylinder thus enables at the same time a qualitative 
and a quantitative analysis of the gases in the tube to be made. 

§ 7. The main results of Sir J. J. Thomson's work will now 
be considered. 

(1) Multiply-charged Atoms. — Fig. 3 represents the appear- 
ances seen on the photographic plate when all the particles 
possess a single unit positive charge after as well as before 
passage through the cathode. It is found, however, that 
atoms of all gases, with the exception of hydrogen, are capable 
of possessing two or more unit charges in their fall through the 
cathode dark space. They thus pass through the cathode 
with an amount of kinetic energy which, by equation (iv.), is 




Fig. 5. — Positive-Ray Tube with Fakaday Cylinder Attachment. 
("Phil. Mag.," Aug., 1912.) 
C and D — pole-pieces of the electromagnet, the opposed faces of which 
act as boundaries of the electric field. B — cylindrical box, in end of 
which parabolic slit is cut (see upper figure). J — water-jacket. K — 
cathode. 



greater in proportion to the charge. In the deflectional 
chamber one or more of these unit charges maybe lost. Thus, 
for example, oxygen atoms may carry a single charge on both 
sides of the cathode ; they will lie on the parabola for which 
m/e=16. They can also carry a double charge in the dark 
space, arriving at the cathode with twice the kinetic energy of 
the former set ; but after passage through the cathode they 
may proceed through the deflecting fields with only one unit of 
charge left. Both sets will lie on the same parabola, but the 
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electric deflection corresponding to + + will be half that of 
+ . The number of particles of the former class is generally 
small, and the efEect on the plate is to give a kind of beaked 
appearance to the parabola as shown in the diagram of Fig. 6. 
Fig. 7 is taken from an actual photograph. There may be 
particles which retain both charges in the deflecting field, and 
these will produce a different parabola whose head is in the 
normal position, the ordinates being V2 times those of the 
former curve. 

Argon and nitrogen show triply-charged atoms, the former 
very distinctly ; whilst krypton can carry four units of charge. 




H-l(+) 



Hj.2t+) 




0-16 (+ and ++) 
0,-32 (+) 

Hg-200 (++*+) 

J 1_ 



'' Electric Deflection ^ 

Fig. 6. — Multiply-chabged Atoms. 

Mercury is represented in the case where it has four units of charge. 
The oxygen atom is shown with two units. The molecules (of hydrogen 
and oxygen) have only unit charge. The hydrogen atom is exceptional 
in possessing no more than one unit charge. 



Mercury is remarkable in giving atoms with eight charges. A 
sheaf of eight parabolas appears on the photographic plate; 
showing that particles which in front of the cathode were short 
of eight corpuscles have proceeded, some without charge, some 
after regaining one corpuscle, some after regaining two, and so 
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on to some whicli have regained all eight and so become neutral 
again in the deflecting fields. A photograph representing the 
efiect in mercury is reproduced in Fig. 8. The heads of the 
parabolas coming out most distinctly in the plate lie on a line 
through the origin, showing that the corresponding particles 
possessed the same velocity. 

(2) Chemical Composition of the Carriers. — If hydrogen is 
the gas present, H+ and (Hg)^- are found. At times a band 
corresponding to particles with electric atomic weight 3 appears, 
to which some uncertainty attaches. It does not appear if 
perfectly pure hydrogen is present ; it does not therefore seem 
to be merely an aggregate of H+ and Hg. It is mooted that 
there may be a new element here, the lowest member of the ■ 
CI— F series. 

In oxygen the carriers 0+ and (03)+ are generally present ; 
(O3) + and (Og) + also occur. 

Nitrogen exists in a very large number of modifications in 
the discharge tube. N+ + , N + , (N2) + , (N3)+ are always 
present when the tube contains nitrogen, and on some plates 
N+ + + , the triply-charged atom, appears. 

In carbon monoxide are found. C + , + , (02) + , a particle 
of wi/e=47(C02 or O3 ?) ; (C0)+ appears only very faintly on 
the photographic plate, but its existence in strength is attested 
by the Faraday cylinder. 

In helium are found He + and He + + ; the latter is interes- 
ting as being identical in mass and charge (though not in speed) 
with an a-particle. 

In hydrochloric acid the lines of the hydrogen atom and 
molecule show strongly, that of the chlorine atom faintly (it 
appears difficult to distinguish between CI -f and (HCl)-f ,, or 
to say that one is present and not the other). 

Gaseous compounds containing heavy metallic atoms appear 
loth to show lines due to the metal. The nickel line has been 
observed very faintly in Ni(C0)4. It was impossible to observe 
any effect due to zinc when zinc-ethyl was used. 

Mercury vapour appears as an exception to the above rule. 
The nature of the carriers in this case has already been described. 

Bands have been observed which cannot be referred to 
known bodies. The particle for which m/e=3 has already 
been mentioned. In a recent letter to " Nature," Sir J. J. 
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FiG. 7. — Paeabolfc Ba:mds. 
(From photograph. "Phil. Mag.," Aug., 1912.) 




Fig. 8. — Parabolic Bands in Mekcuhy \'ArouK. 
(•'Phil. Mag.,' Oct., 1912.) 
To face page 1 8. 
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Thomson gives reasons for believing this to be an element 
released from metals and other substances under the influence 
of cathodic bombardment — helium and neon also escaping 
under the same process. He tentatively suggests that these 
bodies owe their presence to a minute degree of radio-aptive 
change within the substances treated, the rejected particles, 
namely, atoms of helium, neon, or the new body Xg, being en- 
tangled in the larger atom, from which they can be released by 
the impact of cathode particles, though not by heating the 
substance beyond the melting point. 

There is a band corresponding to TO/e=22 ; this line does , 
not disappear when the tube is cooled by liquid air, and 
therefore cannot be assigned to (002) + + . Again, in some 
tubes a band m/e=6 and another of the value 10 have been 
observed. 

An examination of the heavier residual gases of the atmo- 
sphere, isolated by use of liquid air, reveals no band which 
cannot be accounted for ; presumably no heavy gases are left 
to discover in our atmosphere. 

(3) Data yielded by the Faraday Cylinder Method. — Up to the T|,e 
present the main teaching of this method is the fact of the great Faraday 
sensibility of the photographic plate and the phosphorescent Cylinder. 
screen to the lighter and therefore faster-moving particles. 
This may be shown by considering the curve of Fig. 9, the 
•ordinates in which represent the number of charged particles 
passing into the cylinder in unit time, the abscissae the mag- 
netic field required to bring the corresponding parabolic band 
■on to the slit. The gas in the tube was carbon monoxide. It 
will be seen that the number of CO particles caught is far 
greater than the number of hydrogen molecules. The number 
of hydrogen atoms is much less, indeed, too small to represent 
to the scale chosen ; yet the effect of these on the phosphorescent 
screen is far greater than that produced by CO. Though the 
Faraday cylinder shows that the number of hydrogen particles 
steadily falls ofE with diminution in the quantity of hydrogen 
admitted to the tube, the phosphorescent effect due to hydrogen 
remains practically unaffected. The atom of mercury pro- 
■duces a marked effect on the photographic plate and appears 
at first sight an exception to the rule that the effect increases 
■with velocity; but the exceptional charge of mercury in the 

C2 



20 



RECENT PHYSICAL RESEARCH. 



Particles 
with 
Negative 
Charge. 



cathode space explains this — a simple calculation shows that 
the speed of the mercury atom cannot be much inferior to that 
of the singly charged atom of oxygen. 

(4) Negatively charged Particles. — The canal-ray bea,m con- 
tains negatively charged and neutral as well as positively 
charged particles. The neutral particles have become so by 
gaining one or more electrons soon after passing through the 
front surface of the cathode ; whilst the negatively charged 
bodies are those which have been able to go a stage further, to 
attract and hold an additional electron. The latter appear to 
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Fig. 9. — Results obtained by the Faraday Cyi,iwdeb. 
Carbon monoxide in the tube. 



be confined to atoms only, hydrogen, carbon, oxygen, sulphur 
and chlorine being conspicuous by their ability to take up a 
negative charge ; whilst in helium, argon, nitrogen and mer^ 
cury no negative bands have been observed. The Faraday 
cylinder method shows that in hydrogen the number of 
negative atoms is small compared with the number of posi- 
tive ; in the case of oxygen the reverse is the case. It 
would appear indeed that the atoms of electro-negative 
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elements acquire a negative charge far more easily than do the 
•other elements. (See, however, the results obtained by Wien 
in the case of oxygen, which are given below.) 

(5) Place of Generation of the Rays. — The intensity of the place of 
l)ands is greatest generally at their head, where the velocity is Origin of 
that corresponding to fall through the full cathodic drop of 
potential. The conclusion drawn is that most of the positive 
particles are produced at the extremity of or outside the dark 
space. Experiments by movable screens show' that phos- 
phorescence on the side of the screen away from the cathode 
persists from the cathode up to the negative glow, beyond 
which it disappears. So far as the rays are due to ionisation 
by cathode rays this conclusion is borne out by the fact of the 
•considerable degree of imiformity of speed which the cathode 
rays possess. For if a cathode particle causes ionisation of a 
neutral molecule within the dark space by the expulsion of a 
corpuscle, the latter would in its fall through the rest of the 
dark space acquire a velocity smaller the further the place 
of collision from the cathode. The cathode rays appear to 
be generated practically entirely at the cathode under its 
bombardment by the positive rays. 

On the other hand, the great length of the bands leads to the 
■conclusion that some of the particles are formed at points much 
nearer to the cathode. The range of velocity depends on the 
nature of the gas in the tube. In some cases the bands are very 
short, in others the maximum electric deflection may be five or 
six times the minimum. These slower rays may be produced 
by the impact with neutral molecules of positive rays, in the 
•course of their path towards the cathode ; or of retrograde ray 
particles, moving away from the cathode. 

We have here considered the origin of the rays before passage 
through the cathode. Experiments recounted in the previous 
chapter show that loss or gain of corpuscles may take place in 
the observation chamber, and such changes are attributable to 
collision with corpuscles practically at rest. These collisions 
do not sensibly deviate the canal ray particles. 

§8. Some interesting theoretical problems are discussed b^ ome 
Sir J. J. Thomson. We may instance the question of ionisation 
by cathode particles and by positive rays respectively. It is 
.suggested that the former kind of particle produces ionisation 
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by expelling a similar particle from the atom on wHch it im- 
pinges. Corpuscles are minute objects compared with an 
atom or molecule, and it is urged as unlikely that collision of 
an atom with a corpuscle could lead to anything more serious 
than loss of a corpuscle. Positively charged particles, on the 
other hand, can, owing to their size, deal with atoms or groups 
of atoms, and may be expected to split up molecules. It is 
found that in the discharge tube molecules never occur with 
more than one unit of charge. It seems probable that these 
ions are produced by corpuscular collision. The act of forma- 
tion of multiply-charged atoms may be pictured as the collision 
of a rapidly moving atom or molecule with a neutral particle", 
which results in the jerking off of a group of corpuscles which 
were held with the same degree of firmness in the original atom 
or molecule. Thus in the case of mercury a group of eight 
corpuscles may be shaken free from the atom. As these colli- 
sions take place in or beyond the negative glow they must be 
assigned to negatively charged atoms which, starting at the 
cathode, have acquired a high velocity by fall through the dark 
space — ^it should be noted that the ordinary speed of the mole- 
cule determined by temperature is utterly negligible compared 
with the speed which may be attained in the electric field. 
Some of these negative particles, by the loss of one or more 
corpuscles in the region of the negative glow, may become 
neutral or positively charged, the whole bundle of rays, moving 
from cathode to anode, some positive, some negative, the rest 
neutral, constituting the retrograde rays. It is, then, to the 
collision of the retrograde rays with neutral molecules that the 
multiply-charged atoms are regarded as owing their origin. 

Again, there is the question of the mode of arrangement of 
the negative and positive charges in the neutral molecule. Do 
the component atoms hold a preponderance of charge of one 
sign ? Can hydrochloric acid, for example, be represented 

diagrammatically as jj q| ? Some of the phenomena of 

positive rays seem to lead to a different conclusion. Thus, 
though charged carbon atoms are present in the canal-ray beam, 
the particle C + + + -I- has never been observed. The obser- 
vations rather suggest the presence of neutral doublets and 
the diagrammatic representation of hydrochloric acid as 

g Qj . In agreement with this view is the fact that dis- 
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sociation of gases is often unattended by abnormal electrical 
conductivity. Nickel oarbonyl, wliicli dissociates at about 
70°C., possesses, in the dissociated condition, very little con- 
ductivity. The flame of burning sulphur is stated by 
Bloch not to conduct below 400°C. Conduction at much 
higher temperatures, such as in a Bunsen flame fed with a salt, 
may result from an effect analogous to the emission of negative 
corpuscles from hot metals : the negative ions i'n the flame are 
certainly free corpuscles. 

The Work of other Observers. 

§ 9. The Doppler Effect in Canal Bays. — Stark's first Paper The 
recording the observation of the Doppler effect in canal rays Dopplei* 
appeared in 1905. When the spectroscope was set so as to ^*'*"" 
receive light from the beam in the direction of motion of the 
particles, the lines due to the gas were found to be doubled. 
Viewing normal to the beam the lines appeared as usual. The 
theory is expressed in the equation 

v 
tZA=4-Ap=A„ . -, (v) 

where A„, A^ represent the wave-lengths when examined 
normal and parallel to the beam respectively, v denoting the 
velocity of the light-emitting particles, c the velocity of light. 
The illumination is too feeble for visual measurement. A four- 
prism spectrograph was employed, three to five hours' exposure 
being required. To secure steadiness of conditions in the dis- 
charge tube a 3,000-volt battery was used. The displaced lines 
showed a sharp edge on the side of the violet, gradually fading 
away on the red side. The change of wave-length was observed 
in line spectra, dljl having the same value for all lines of a 
series. Band spectra do not show the Doppler effect. 

Calculating v for hydrogen from equation (v), the value 
5 X 10' cm./sec. was found. Equating eV to ^mv^, taking efm 
=9-5 X 10*, the value of the speed v works out at 6 x lO'cm./sec. 
— the agreement of the numbers is fairly satisfactory. Stark 
points out that the series lines also show the Zeeman effect,! 
and concludes that the light is emitted by electronic vibration, 
within the atom or molecule. He adopts the view that the 
Doppler effect is shown only by positively charged particles. 
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the light- emitters in line spectra being positive ions, whilst in 
band spectra they are neutral particles. Wien, on the other 
hand, has adduced reasons for supposing it is the neutral par- 
ticles that are concerned. A third view also finds support, 
namely, that the efiect. occurs at the moment of combination 
of a positive particle with a corpuscle. 

Later observations under the greater dispersion given by the 
diffraction grating have shown that the displaced lines in 
hydrogen are doubled. Paschen attributed the constituents to 
the hydrogen atom and molecule respectively. This seems to be 
borne out by the measurements of Gehrcke and Eeichenheim. 

The results thus far attained by this method are somewhat 
disappointing. Owing to the necessity of long photographic 
exposure secondary batteries have to be employed across the 
discharge tube, and generally the voltages have been no greater 
than 600 to 1,100 volts. The value of dl in the case of hydrogen, 
as the data above quoted show, was of the order 10 Angstrom 
units, whilst the highest dispersion obtained by the grating 
was 19 Angstrom units per milhmetre on the photographic plate. 
The accuracy of measurement attainable was not very high. 
Moreover, as has been shown, interpretation of the phenomena 
presents great difficulties. 

§ 10. The Work of Wien. — By allowing a linear thermopile to 
Work. traverse the length of the band resulting from the spreading out 
of a narrow beam of particles by means of a strong magnetic 
field, the resulting galvanometer deflections being read ofi, 
Wien was able to compare the energy from point to point of the 
band. Two strongly marked maxima were found — one at the 
position of the undefiected spot, the second due to a certain set 
of the deflected particles. With hydrogen the energy of the 
positively charged particles was found to be decidedly greater 
than that of the negative, though small compared with that of 
the undefiected and therefore neutral particles. In the case of 
oxygen, on the contrary, the energy of the negative particles 
exceeded that of the positive. This preponderance of negative 
ions in oxygen he attributes, however, to the effect of mercury 
vapour. By freezing the mercury out with liquid air the 
positive particles appeared in excess. This result is in harmony 
with an observation of Sir J. J. Thomson that in presence of 
excess of sxygen the parabolic bands of mercury disappear. 
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Under the conditions of Wien's experiments it appears that on 
arrival at the thermopile the neutral particles were, in the case 
of all the gases tried, in considerable excess, the number of 
charged particles being only about 10 per cent, of the whole 
number present. Prof. Wien has also made determinations of 
the mean free path of the positively charged and neutral 
particles. 

§ 11. Hammer has made an interesting experimental deter- A Speed 
miaation of the speed of the positive rays. Using combined 
parallel magnetic and electric fields a parabolic band was 
obtained, and this was adjusted to pass over a small hole in the 
screen. A narrow bundle of homogeneous rays passes on, and 
is allowed to traverse in succession two electric fields at right- 
angles to the beam and to one another. The parallel plates 
forming the boundaries of these electric fields were connected in 
parallel to the same alternator giving a practically pure sine 
wave. In general an ellipse was observed on a phosphorescent 
screen beyond the fields. If the time of passage between the 
two fields was a multiple of the period of alternation the ellipse 
became a straight line. The velocity of the beam could thus 
be calculated in terms of the distance between the fields and the 
period of alternation. He found in the case of hydrogen 
v=2-5lxlQ^ cm./sec ; this led to the value of e/m= 10,040 
E.M. units. 

§ 12. The investigation of positive rays has so far been con- 
fined in the hands of a few prominent physicists. The field is a 
difficult one on both the theoretical and experimental sides. 
We cannot record as yet the untangling of the mystery of 
positive electricity, but new light has been thrown on the in- 
ternal history of the molecule, and that seems to be the direc- 
tion in which one may look for further discoveries in the near 
future. 



CHAPTER III. 



EUTHERFORD'S WORK ON THE a-PARTICLE. 

§ 1. In the era of electrical research which one may conve- 
niently date as beginning with the discovery of X-rays, on© 
investigation has been by common consent singled out as a 
supreme intellectual and experimental achievement — namely. 
Sir J. J. Thomson's " counting " experiment, culminating in 
the estimate of the value of the charge of the electron, or nega- 
tive unit of electricity. This result was announced in 1903. 
A second outstanding piece of work is that selected for the 
subject of this chapter, and embodied in two memoirs presented 
to the Royal Society in 1908 ; the one is entitled " An Elec- 
trical Method of Counting the Number of a-Particles from 
Radioactive Substances " ; the other, " The Charge and 
Nature of the a-Particle." We may now accept the a-particles 
emitted by radioactive bodies, amongst which radium itself 
occupies the place of first importance, as consisting of rapidly 
moving particles of helium carrying a charge of positive elec- 
tricity. If we denote this charge by the symibol E, using e to E and e. 
denote the numerical value of the unit negative electric charge, 
then according to the above work of Prof. Ernest Rutherford 
we have E=2e. The positive particles emitted by different 
radioactive bodies differ only in the speed of ejection. In 
their passage through matter they smash up or ionise the mole- 
cules in their path. In doing so they lose kinetic energy, and 
at a certain minimum velocity their ionising action ceases. 
The distance traversed, or the " range " of action, increases 
with the velocity of initial projection. For example, in air at 
normal pressure the range of a-particles from radium emana- 
tion is 4-3 cm., whilst for the particles from radium C the range 
is 7 cm. 

§ 2. The determination of E involved two operations. Firstly, 
the actual counting of the number of particles emitted in a 
given time by a particular sample of radioactive matter ; and, 



28 BEOENT PHYSICAL RESEARCH. 

secondly, the direct determination of the charge carried by the 
-same particles in the same time. The unique feature of Ruther- 
ford's work is the experimental method selected for the count- 
ing experiment ; a method which was carried in his hands to a 
triumphantly successful conclusion. 

It is well known that a screen of zinc sulphide when 
•subjected to bombardment by a sample of radium shows 
scintillating points. This brilliant effect is plainly seen in the 
scintilloscope, and is now delightfully familiar. It was early 
•observed that these scintillations were due to a-radiation, and 
not to jS or y-rays ; and it was suggested that possibly there 
was one scintillation for every a-particle striking the zinc 
blende target. Rutherford's results establish this as a fact. 
In the scintillating point we have the visible effect of a single 
atom of matter, the helium atom impressed with the enor- 
mously high velocity of its projection from a radioactive body. 

The identification of the a-particle with the helium atom 
{with positive charge) has been carried by Rutherford to a 
remarkably direct test. The Papers already quoted, in con- 
junction with earlier work, lead to the result that the a-particle 
has a mass 3-84 times that of a hydrogen atom. The atomic 
weight of helium is known to be 3-96. The agreement of these 
numbers might be considered sufficiently within the probable 
limits of experimental error to warrant the deduction that the 
a-particle is identical with the helium atom. The direct 
experimental proof by Prof. Rutherford is in itself a further 
notable achievement. It will be found described in the 
" Philosophical Magazine " for February, 1909. 

The deter- § 3. We will now proceed to consider the essential details of 

mination of E. the crucial experiments referred to. 

(1) The Charge of the a-Particle. — The determination of E 
consists in the measurement of the ratio 

total charge carried by a stream of a-particles 
number of particles in the stream 

The Counting Let us take first the method of determination of the deno- 

Experiment. minator — that is, the " counting " experiment. The detec- 

tibility of the a-particle lies in the very great ionising power 

it possesses. It is estimated that in its passage through a gas 

46,000 pairs of ions are produced. Imagine these ions to be 
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produced in the gas between a pair of parallel metal plates 
maintained at a steady difierence of potential. The ions of one 
sign would be swept by the field into the plate of opposite sign. 
Thus, if one plate is insulated its charge would be instantly 
altered by 46,000 e for each a-particle shot between the plates, 
where e denotes the ionic charge. This amount lies just on the 
verge of detection by a sensitive Dolezalek electrometer. To en- 
hance the efiect a magnifying device was employed. Townsend 
has shown that the production of a spark by an electric field 
is due to the rapid generation of fresh ions which is caused 
by the colUsion with neutral molecules of the ions already pre- 
sent in the gas, and which, moving along the lines of the field,, 
acquire the requisite amount of Idnetic energy. For P.D.s 
much below the sparking value only the negative ions are 
effective ; but very near to the sparking P.D. the positive ions 
come into play, and likewise generate fresh ions. If, then, an 



Fig. 10. — The Counting Experiment. 

a-particle be fired into the gas exposed to an electric field some- 
what below the sparking value, each of the ions formed may 
in its turn generate fresh ions, multiplying in that proportion 
therefore the charge swept into each plate bounding the field. 
Such was the plan adopted by Rutherford. Each ion generated 
by the a-particle generated several thousands in its passage 
through the field. 

Fig. 10 shows the apparatus employed. The radioactive 
preparation is placed in a very thin layer about 1 sq. cm. in 
area at D, centrally on the end of a hollow iron tube, P, which 
can shde along the interior of a glass tube, KL, 2-5 cm. in 
diameter and some 4 metres in length, one end of which is 
fitted a with diaphragm containing at its centre C a hole of 
known size, about 1-5 mm. diameter, whilst the other end is 
closed by a ground glass stopper S. This tube we may call 
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the firing tube. Connected to tHs tube, to the right of C, is 
a brass cylinder AA, closed by the ebonite stopper M, through 
which tightly passes a central wire B. The aperture at C is 
closed by a thin mica plate, which completely prevents the 
passage of gas between the chambers AA and KL. We may 
call AA the deleting vessel. The outer brass tube AA is con- 
nected to the negative pole of a secondary battery, the positive 
of which is earthed. The inner wire B is connected to one 
pair (represented by F) of the quadrants of a Dolezalek electro- 
meter, the other pair being earthed. 

Consider now the action in the detecting vessel and its con- 
nections. The contained gas (preferably helium, owing to the 
lower sparking potential and its freedom from natural distur- 
bances which are found to occur when air is used) is at a pres- 
•sure of a few centimetres of mercury. Let the two pairs of 
•quadrants of the electrometer be metallically connected. The 
electrometer needle will be at its zero position. Now remove 
the connection. Since between A and B is the electrical field 
produced by the battery, there will, even though the field is 
, small, be a slight current through the gas from A to B. When the 
battery E.M.F. approaches the sparking P. D., this current will 
,be much greater as already indicated. Thus the quadrants F will 
be charged up, and the needle will steadily move away from zero. 
By now placing in parallel with the quadrants a radioactive 
leak, consisting of a layer of a radioactive substance spread over 
the lower of a pair of plates, H, the upper one of which is insu- 
lated and in connection with F, this charge will produce a 
current in the ionised gas between the plates of H, tending to 
reduce F and G to the same potential. The needle will thus 
after a time acquire a position of equilibrium which can be 
conveniently controlled by the adjustment of H. If now an 
a-particle pass through the mica window covering C into the 
detection vessel, the sudden increase of current from A to B 
will cause a ballistic throw of the electrometer needle, which 
will afterwards speedily resume its former position. 

Consider, in the next place, the action in the firing chamber. 
A certain number of particles per second are flying ofE from 
the preparation at D. The average fraction that passes 
through the aperture at C may be calculated in terms .of the 
vdistance between D and C, and the area of C. The actual 
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number entering the detection vessel may be varied by alter- 
ing the activity of the preparation at D, and by adjusting the 
■distance between D and C, a magnet being used to draw the 
iron cylinder P along the firing chamber. Rutherford arranged 
that the number of particles entering the detection vessel 
should be on the average about three or four per minute, at 
which rate the superposition of the efEects of two successive 
particles is avoided, and the ballistic throws can be counted 
with certainty. By this means, then, the number of particles 
leaving a radioactive preparation in one second could be accu- 
rately determined. The preliminary tests to determine the 
best conditions for accuracy, such, for instance, as the best 
dimensions of the chambers to employ, are here passed over. 
In order to avoid stoppage of a-particles between D and C the 
firing chamber was exhausted to a charcoal vacuum. The 
stopping power of the thin mica film across C was found and 
allowed for. The actual preparation employed at D was 
radium C, the a-particles of which escape with the same velocity. 
The amount of RaC is estimated by comparison with a standard 
sample of radium in radioactive equilibrium, whence the result 
can be finally expressed in terms of the number of a-particles 
emitted in one second by 1 gramme of radium in radioactive 
equilibrium. The number expelled from the RaC in 1 gramme 
of radium was found to be 3*4 x 10^" per second. There are 
three other a-ray products which each emit the same number 
of a-particles. The total number of a-particles expelled per 
second from 1 gramme of radium in radio-active equilibrium 
is therefore 13-6 xlOi". 

[More recently, in place of the quadrant, the string electro- 
meter has been used. This consists essentially of a thin silvered 
quartz fibre stretched between a pair of parallel plates kept at 
a fixed P.D . If the fibre receives a charge , it is deflected towards 
one of the plates. The movement can be recorded photographi- 
cally on a rotating cylinder carrying a film. The fibre has a very 
short period — less than a thousandth of a second — and its move- 
ment is deadbeat. One end of the fibre is connected to one of 
the electrodes in the detecting chamber, the other end through a 
comparatively low resistance to earth. The entrance of an 
a-particle thiis causes the fibre to receive an electric charge, 
which deflects the fibre, being then rapidly disposed of to 
earth. The phenomenon is recorded in a very short fraction 
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of a second and the fibre is ready to deal with another 
particle. It is possible to record as many as 1,000 a-particles 
per second with certainty. No final results by the method 
are as yet available.] 
Total charge. There remains now the determination of the numerator, 
or the total charge of positive electricity carried by the stream 
of a-particles from the same EaC preparation ; or, as in fact 
was the case, from a preparation of EaC whose strength i& 
obtained by comparison with the standard sample of radium 
in precisely the -same manner as in the counting experiment. 
The method of trapping the a-particles and of measuring their 
aggregate charge is one that had already been adopted with 
success by many workers, in the case of /3 and cathode as 




I"iG. 11. — Chakge of the o-Particle. 

well as a-particles. A very brief outline only of this measure- 
ment will here be given. The cup E (see Fig. 11) is coated 
on its interior surface with a thin layer of the radioactive pre- 
paration. The thick metal box CO facing E is connected with 
one pair of quadrants of an electrometer, the other pair being 
earthed. E and CC are enclosed in a vessel in which a char- 
coal vacuum is produced, a- and j8-particles leave E, and the 
latter are turned aside by the magnetic field between the poles 
N and S of a magnet. A calculable proportion of the a-par- 
ticles leaving E will strike CC and be absorbed completely, 
giving up their charges. The attached pair of quadrants thus 
becomes charged positively, and the needle will have a steadily 
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increasing deflection. The charge received is the product 
of the electrostatic capacity of CC (with its attached pair of 
quadrants) and the potential to whicli it has been raised. 

The measurement would be extremely simple if the vacuum 
were perfect. The a-particles, however, ionise the residual 
gas, thereby making it a conductor. The charge of CC would 
therefore leak away. To eliminate this effect a second metal 
plate, AA, is placed below CC, the central portion A' A' being 
composed of a very thin sheet of aluminium. CC is likewise 
closed by a thin aluminium sheet, CG' ; a-particles starting 
from R thus reach CC after passing through the two thin 
plates A' A' and CQ', whose stopping power is comparatively 
small and calculable. To AA one pole of a battery of a few 
cells is attached, the other pole being to earth. If now the 
potential given to AA is negative with respect to CC, negative 
ions are carried into CCC'C, whose positive charge therefore 
accumulates less rapidly than before. If however the 
poles of the battery be reversed, the positive ions are swept 
into CC, which then gains positive electricity more rapidly 
than in absence of the battery. The mean rate of increase 
of the potential of CC in the two cases measures the rate of 
reception of the charges of the a-particles alone. 

There is another disturbing element to be eliminated. When 
a-particles strike a metal, slow-moving /S-rays, or ^-rays as they 
are termed, are generated. Those forming at M have to be 
prevented from strildng G'C, whilst those generated at N have 
to be prevented from permanently leaving Q'O'. The same 
magnet NS effects both these requirements. The diagram 
shows the slowly moving rays being bent into small circular 
orbits exactly as desired. (In Pig. 1 1 , for diagrammatic sim- 
plicity, the orbits of the ^ and ^-rays are shown in the plane of 
the paper. The acceleration impressed on any particle is, of 
course, in reality perpendicular to the magnetic field.) 

The charge «E carried by n particles is thus measured. The Result 
counting experiment has supplied tlie value of n. The re- *'"' ^• 
suiting value of the charge of the a-particle as given by Ruther- 
ford is 

E=9-3xl0-i" E.S. units. 

The accuracy obtained appears to be high, of the order of 1 or 
2 per cent. It is important to note that it is independent of 

K.P.E. D 
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the assumed radium content of the standard sample in terms 
of which the strength of the RaC preparation was determined. 

(2) Mass of the a-Particle. — It had for a few years been sus- 
pected that the a-particle is a positively charged atom of 
helium. Helium is invariably found in radioactive minerals, 
and in these alone. It has furthermore been directly proved, 
first in 1903 by Ramsay and Soddy by aid of the spectroscope,, 
that the radium emanation gives rise, in course of its trans- 
formation, to heliurn. Again, since the " counting experi- 
ment " gives the number of a-particles leaving a known quan- 
tity of radium in 1 second (13-6 x 10^" per gramme per second 
9 for radium in radioactive equilibrium), and 

the number (2-72 x 10^") of molecules per 
cubic centimetre of any gas at standard 

C temperature and pressure is approximately 

Imown, the rate of evolution of helium from 
radium may be theoretically calculated if 
we assume each a-particle to be a (charged) 
helium atom. The calculated quantity is. 
158 cubic mm. per year, or 0-43 cubic mm. 
per day. The actual amount has been deter- 
mined directly by Sir James Dewar, the 
pressure of hehum generated in a known 
space in a given time by a known quantity 
^%^M -Mercnry of radium being measured by the McLeod 
gauge. In experiments extending over 1,000 
hours the rate of evolution of helium worked 
out at 0-48 cubic mm. per day. The agree- 
Fro. 12. — Pkooi' ment is very remarkable. 

THAT THE o-Par- Howevcr, the above evidence does not 
TicLB IS AN Atom ., ^i . i i- j n 

OF Helium. necessarily prove that heuum actually con- 

sists of a-particles which have parted 
with their charge. As already stated, this point has been 
satisfactorily set at rest by Rutherford's Paper of 1909. 
The experiment is a very simple one. Radium emanation is 
enclosed in a very thin-walled, glass tube, A (see Fig. 12), quite 
impervious to the emanation or to ordinary helium, but not to 
the rapidly moving a-particles. The surrounding vacuous, 
space B may thus be examined spectroscopically for helium, 
utihsing the capillary portion V of this space. The success o£ 
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the experiment was complete. The equilibrium quantity of 
emanation from 140 mg. of radium was compressed by a 
mercury column into the tube A, which had been drawn with 
walls only jj^ mm. thick, equivalent in stopping power to 2 crn. 
of air. B was initially exhausted to a charcoal vacuum. By 
raising the mercury column in B any gas present could be com- 
pressed into V, and the induction coil discharge made to pass. 
At first no trace of the helium line was to be seen ; nor yet after 
24 hours. In 48 hours the yellow helium line was visible ; 
after four days the yellow and green lines of helium were bright, 
and after six days all the stronger lines of the helium spectrum 
were observed. Blank experiments were made to show that 
no helium was present in the glass or other parts of the appa- 
ratus. Helium gas was introduced into A, but no difiusion 
into B could be detected. 

, The material basis of the a-particle is thus demonstrated to 
be an atom of helium whose mass referred to that of the 
hydrogen atom is 3-96. 

§ 4. The Natural Unit of Electricity. — The question of the 
'exact value to be assigned to the electronic charge cannot yet 
be regarded as settled. The value which has thus far been 
commonly accepted is that given by Sir J. J. Thomson in 1903 
— namely, 3-4 x 10"^" B.S.units. H. A. Wilson arrived at the 
value 3-1 X 10"^°; whilst Millikan, also utilising the formation of 
drops by the condensation of aqueous vapour on negative ions, 
gave the number 4-06 x 10"^"- In his later experiments Millikan 
improved the method, replacing the water drops by drops of 
oil, and thus eliminating the uncertainties connected with 
evaporation : these experiments gave the value e=4-90 X lO^^". 
Townsend, by a distinct method, concluded that the smallest 
elementary ionic charge ' is about 3-0 X lO"'^"- Boltwood's 
determination of the transformation constant of radium, com- 
bined with Rutherford's counting experiment, leads to e= 
4-1 X lO"'^"- Perrin's estimate, from observations on Brownian 
particles, of the number of atoms in 1 gramme of hydrogen, 
leads to the value 4-1 x lO'^". 

Eegener made observations on the a-particles emitted by 
polonium, counting with extreme care the number of scintil- 
lations produced on a zinc sulphide screen. This number was 
assumed to be equal to the number of a-particles emitted by 
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the polonium. Combining this with a determination of the 
total charge carried by these particles, the value 9-58 X 10"^" was 
arrived at for E. By assuming E=2e, Regener thus finds for e 
the value 4-79 X 10"^°. Eutherford has actually determined the 
number of scintillations produced by a radioactive sample, and 
at the same time the number of a-partioles by the method of 
his " counting " experiment ; and has discovered practically 
perfect agreement. For instance, in one experiment 294 
scintillations were counted, this number proving to be 99 per 
cent, of the number given by the electrical method ; in a second, 
involving 150 sciatillations, the ratio was 96 per cent. This 
experimentally observed agreement adds weight to the value 
obtained by Regener for e. 

Rutherford's experiments give E=9-30x 10"^", and this 
number is evidently one to which much consideration should 
be accorded in a revision of the value to be assigned to e. He 
accepts the view that the charge e carried by the hydrogen 
atom in the electrolysis of water is the fundamental unit of 
electricity, and that, therefore, E must be some multiple of e, 
either two or three. From considerations based on Boltwood's 
experiments, referred to above, he fixes upon the multiple two, 
and thus assigns to e the value 4-65 x 10"^". 

Finally, there is Planck's estimate of e based on thermo- 
dynamical considerations applied to radiation data, which lead 
to the number 4-69 x 10-". 

It will be seen that the later values are distinctly higher 
than those first found. More work perhaps requires to be 
done before a revised value can be confidently chosen. 



CHAPTER IV. 



CUEIE'S WOEK ON MAGNETISM. 

1. The name of the late M. Pierre Curie is mainly associated 
with the discovery, in conjunction with Mnie. Sklodowska 
Curie, of radium. Perhaps this fact has helped to obscure a 
long and careful series of investigations of an earlier date which 
we owe to M. Curie. This work owes its value to its suggestive- 
ness in regard to the causes underlying the behaviour of mag- 
netic substances as well as to the importance of the experi- 
mental results achieved. The appearance of Langevin's 
electronic theory of magnetism was a fitting sequel to Curie's 
labours on the experimental side. Curie's Paper, " The Mag- 
netic Properties of Bodies," appears to have been offered to the 
Faculty of Sciences of Paris as a thesis for the doctorate in 
physical science. It was published in the " Annales de Chimie 
et de Physique " of 1895. The Paper appears in full in the 
edition of Curie's collected works compiled by the French 
Physical Society (1908). 

The object of the present article is to set forth the results, 
to give some description of the methods employed, and to state 
the points of view impressed upon Curie in the course of his 
work. 

2. Langevin has adopted a classification of bodies, as regards Langeyin's 
magnetic properties, which lends clearness to the subject and (jg^, 

is in harmony with the laws established by Curie. In place of 
dividing bodies into diamagnetic and paramagnetic, according 
as the magnetic permeability is less or greater than unity, 
Langevin restricts the term paramagnetic to those bodies 
(invariably feebly magnetic) for which the susceptibility is 
independent of the strength of the magnetic field. 

Adopting, then, Langevin's nomenclature, substances may 
be divided into — ■ 

(1) Diamagnetic substances, in which the induced polarity 
is opposed to that of the inducing field. 
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(2) Paramagnetic substances, wliicli are feebly magnetised 
in the same direction as tbe inducing field ; the susceptibility 
being independent of the field intensity, and (though there are 
now known to be exceptions to this rule) inversely propor- 
tional to the absolute temperature. 

(3) Ferromagnetic bodies, magnetised in the same sense 
as class 2, but far more strongly, the susceptibility 
being a complicated function of the magnetic field and of 
temperaturB. 

3. Curie examined the properties of a number of bodies in 
each of these classes, over a range of magnetic force from 25 to 
1,300 C.G.S., and over a temperature range from that of 
ordinary air to 1,350°C. The quantity in terms of which his 
numerical results are expressed is the susceptibility K, defined 
as the quotient of the magnetic moment per unit mass by the 

magnetic field intensity, or K=_!?. This coefficient may be 

H 
termed the mass siuiceptibility. It is found by dividing the 
susceptibility as usually understood in this country, the 
volume susceptibility, by the density of the substance. 

The method of measurement chosen was the determination 
of the force experienced by the specimen when placed in a non- 
uniform field, this force being towards stronger parts of the field 
where K is positive, towards weaker parts where K is negative. 
This method has the convenience that quite small samples may 
be employed. 

The results, briefly outlined, were as follows : In the case of 
diamagnetic substances the susceptibility was found to be. in 
most cases, independent of H and of temperature. Bismuth, 
which is usually accepted as the most pronounced example of a 
diamagnetic body, is an exception to the above rule whilst in 
the solid state ; its susceptibility falls with rise of temperature 
up to the point of fusion, when it suddenly drops to one-25th 
of its value. Fused bismuth is actually the most feebly 
diamagnetic substance Icnown. In the fused state the valile 
of K for bismuth is strictly independent of temperature. 

In most cases there is no change in K at the moment of 
fusion or with alteration to an allotropic form. In a few sub- 
stances change of physical state does produce an efiect. As a 
further instance, the change from white phosphorus to red is 
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attended by a fall in K amounting to 20 per cent. Antimony 
also, like bismutli, appears to be anomalous. 

The faramagnetic bodies chosen were oxygen, palladium, air Paramagnetic 
and ferrous sulphate. For all, these the susceptibility was Bodies. 
found to be independent of H , and inversely proportional to the 
absolute temperature. Glass and porcelain were also studied 
to permit of corrections being applied for the perturbing effects 
'Of the glass or porcelain bulbs used for holding the test samples. 
Glass is most often diamagnetic, but sometimes magnetic, at 
■ordinary temperature, this evidently depending on the propor- 
tion of iron oxide in its composition. In the case where it is 
magnetic it becomes diamagnetic at high temperatures, the 

K' 
Tesults being expressible by the formula K= — —A. The same 

is true of the glazed Bayeux porcelain used in the high-tem- 
perature experiments. 

Curie examined Wiedemann's and Plessner's observations, 
which show that MnSO^ and CoSO^ obey the above law, whilst 
ior NiS04 the change in K is more rapid than according to the 
inverse temperature law. 

The ferromagnetic bodies studied were soft iron, cast iron, 
magnetite (Fe304) and nickel. The results are expressed in two 
families of curves, the first connecting I and H, temperature 
■constant ; the second connecting I and T, H constant. For a 
certain range of temperature above the critical temperature, or 
temperature of magnetic transformation, each of these sub- 
stances satisfies the two laws pertaining to the paramagnetic 

body: (1) I independent of H, and (2) K a=,; the value of 

K being then of the same order as for paramagnetic bodies. As 
the temperature falls there is continuity of passage from the 
paramagnetic state to the complicated ferromagnetic condition. 

LJ 

In the former stage the substance obeys the law l=A— , which 

is of the same form as the equation for a perfect gas — namely, 

1 p 
density=p • ^, the density of the gas corresponding to inten- 
sity of magnetisation, the pressure p to magnetic force, A and 
_ being the respective constants. .Just as the gas equation 
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breaks down in the region of tlie critical temperature, so does 
the paramagnetic formula fail near the temperature of mag- 
netic transformation. The loss of simplicity in the law of varia- 
tion of density with pressure and temperature is due to inter- 
molecular action ; the same -may be true of the phenomenon 
of magnetisation. This analogy of Curie's was adopted and 
worked out in Langevin's theory. 

Whilst, however, the ferromagnetic condition is shown to 
change continuously into the paramagnetic, there is no such 
continuity between paramagnetism and diamagnetism ; and 
the conclusion is drawn that the diamagnetic and paramagnetic 
effects have distinctly different underlying causes. 

Such' is a brief resume of the results of Curie's work. A 
more detailed accomit follows below. 
Extrapola- ihe interesting question occurs whether Curie's law for para- 

Curie's Law magnetic bodies holds down to extremely low temperatures. 

The law K a- would imply infinite susceptibility at absolute 

zero. It might thus be expected that every paramagnetic body 
would pass into the ferromagnetic condition at a certain point 
down the temperature scale, its temperature of magnetic trans- 
formation ; or, at all events, that at some ascertainable point 
the inverse law would cease to hold. Dewar and Fleming have 
shown (" Proc. E.S.", 1898) that for solid MnS04 the law holds 
down to — 186°C. ; and in the case of liquid oxygen the mass- 
susceptibiliy found at — 186°C. agreed very closely with that 
deduced by extrapolation from the value for oxygen at ordinary 
temperatures. The density of liquid oxygen is 806 times that 
of the gas at 0°C. and 760 mm., whilst the temperature on the 
absolute scale is only one-third : the agreement of observed 
and calculated values is certainly striking. So far, then, as 
these measurements go there is no divergence from the para- 
magnetic condition to be recorded. 

Theory of ^- ^^^ Determination of K. — As already outlined, the method 



of K 



Measurement adopted by Curie for the meastirement of the susceptibihty was 
that of finding the pull experienced by a specimen of the sub- 
stance when placed in a non-uniform magnetic field. The 
magnetic energy per unit volume of a body of permeability fx in 

a field of force H is given by the expression ^ — Assum- 

on 
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ing the permeability of the surrounding medium to be unity, we 

have force on specimen = volume X -,-. ^ — H^, in the direc- 

dx 8:71 

tion of X. Denoting the volume susceptibiUty by k, since 

ju=l+4:7t, we may write force =volumex^; p— =«^H^^; 

ax . 2 ax 

71 I 

or, employing the mass-susceptibility K, force=MKH-y-, M 

being the mass of the specimen. In this simple expression K 
is assumed invariable with respect to intensity of field. H 
denotes the actual magnetic field within the specimen. For 
diamagnetic and paramagnetic bodies demagnetising action is 
inappreciable. In the case of ferromagnetic bodies, for a 
Sufficiently large ratio of length to lateral dimensions, the same 
remarks hold true ; but in general, for bodies of this class, this 
demagnetising effect, and the variation of K with H , as well as a 
perturbing couple due to the long axis of the specimen not 
exactly coinciding with the direction of the magnetic field, have 
to be investigated and allowed for. 

To find K, then, the value of the product H -j- must be 

known over the whole range of fields used. This involved a series 
of preliminary measurements. H was found by the effect on a 
standardised ballistic galvanometer of reversal of a small bobbin 

placed at any required point in the field, ^y- was similarly 

found by the aid of a flat search coil set with its plane 
perpendicular to the field and suddenly moved through a 
short interval of J mm. to l-J mm. in the direction of the field ; 
or, still better, by a like motion of the coil when set perpen- 
dicular to the above-mentioned plane. (These give the same 

throw, since - — " = — ■", H,. denoting field parallel to axis of x.) 
dx dij 

The latter was the plan ingeniously adopted, as the results are 

thereby freed from the disturbing effects of small accidental 

variations in H^., the resultant magnetic field. Values of H 

and of , and thus of H-r- , were obtained at different points 

dx dx g^ 

in the field. The point where the product H^- is a maximum 
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was chosen for the position of the specimen, slight error of 
setting being thus rendered inappreciable. The character of 
the results is shown by the curves of Fig. 13. 

These quantities were determined for varying magnetising 
currents in the coils of the electromagnet, which was of the 
Faraday form. The values were plotted as ordiaates against 
currents as abscissae, and in the actual experiments the values 

of H — were deduced from the readings of the current, care 
dx 

being taken always to vary the current cyclically between the 




Fig. 13. 

same extreme limits positive and negative (+8 to —8 amperes), 
and to note whether the field was due to a falling current or a 
rising one. Indefiniteness due to hysteresis was thus eliminated. 

Effect of 5. The purity of the specimen was carefully examined. Iron 

Impurity. j£ present as a salt has only a small effect ; but insignificant 

quantities of iron in the metallic form, or as oxide or sulphide, 

can profoundly modify the behaviour of a paramagnetic, and 
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^till more of a diamagnetic body. Its presence was evidenced 
-either by marked hysteresis effects or by the complicated 
■character of the IH curve, as contrasted with the straight line 
passing through the origin, which all pure paramagnetic or 
diamagnetic substances give. Some quantitative experiments 
on the effects of such impurity were made, using paste impreg- 
nated with known amounts of powdered metallic iron. The 
results show that 1 part of iron to 100,000 of water on the 
average just annuls the diamagnetism, and gives rise to enor- 
mous hysteresis effects ; 1 in 200,000 reduces the mean dia- 




FiG. 14. — The Toesion Balance. 

magnetic susceptibility to one-half, and still gives large hyste- 
resis effects ; 1 in a million causes a mean error in K of 10 per 
cent., hysteresis is no longer sensible, but the IH line is dis- 
tinctly curved, being convex towards the axis of H. Labora- 
tory dust is ferriferous, but its influence is different from that of 
pure iron; the effect, due probably to the sesquioxide, is to dis- 
'place the I H curve so that it no longer passes through the origin. 

6. The pull on the specimen was measured by a torsion The Torsion 
balance. This is illustrated in Fig. 1 4. The torsion wire FA carries "*"^8- 
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a copper framework, EABC, on one side of wMch is supported 
tlie bnlb D containing the specimen, whilst on the opposite 
side there is attached a large vertical vane, P, of aluminium, 
serving to damp the vibrations of the system ; and beyond is 
a fine rod supporting the micrometer scale M. The balance 
arm is horizontally adjusted for varying masses of specimens 
by weights plated in the horizontal pan n. The form of the 
right-hand arm of the suspension may be seen in Figs. 14 
and 15 ; this design served to secure stability in the moving 
system, and to remove the balance arm out of the range of 
influence of the stray magnetic field. On either side of P, 
and only a few millimetres from it, are fixed two similar 
parallel plates ; the movements of the balance are thus ren- 
dered dead beat. The whole instrument is enclosed in a 
wooden case lined with tinfoil, all metal parts being connected 
together and to earth in order to avoid forces due to possible 
electrification. 

The displacement of the bulb D (denoted by a in Fig. 15) on 
switching on the magnetic field was deduced from that in the 
micrometer M. With the aid of a reading microscope the 
movement of D could be measured to within a thousandth 
of a millimetre. The position of the specimen was carefully 
adjusted to the same point in the magnetic field in each experi- 
ment. 

Several torsion wires were used. Couples per unit displace- 
ment in the proportions 1 : 3-6 : 42-8 were thus available as 
required. 

The Electric 7. Method of Heating. — An electric furnace was employed 

(Fig. 15). Over a porcelain tube, fpfp, 12 cm. in height, closed, 
at the upper end, a platinum wire, 0-7 mm. to 0-9 mm. in 
diameter, was wound in a double spiral, the wire being firmly- 
fixed in position by kaolin put over as a paste and baked hard. 
A larger porcelain tube, PP, went over this, the intervening - 
space being filled with calcined magnesia or kaolin. To keep, 
the interior temperature more uniform the tube was wound 
with more turns of wire per unit length below than above. 
1,500 watts sufficed to maintain the highest temperature 
(1,350°C.) employed. By hand regulation of a rheostat in the 
heating circuit the temperature of the interior could be main- 
tained constant to xt)°^" 
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The specimen, in small pieces or as a fine wire, is supported 
in the bulb a (of Fig. 15), which is constructed either of glass or 
porcelain or platinum. The bulb is supported on the stem tt of 
glass or porcelain, this in turn fitting into the metal frame TT, 
which is attached to the moving system of the torsion balance. 
The electromagnet and the balance were protected from the 
heat of the furnace by the water-jacket ABC, through which 




Fig. 15. — The Electric Fuenace. 



water continually circulated. The wooden box EE and the 
tube vv served to protect the stem tt against disturbing air 
currents. 

Temperatures were measured with a Le Chatelier thermo- 
couple, standardised by Baudin and Delaunay thermometers, 
and the use of a series of standard melting and boiling points. 
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CURIE'S WORK ON MAGNETISM {continued). 

1. In the last chapter an account was given of the experi- 
mental arrangements adopted by M. Curie for carrying out his 
research on the magnetic properties of bodies over a wide range 
of field strength and of temperature. It is proposed here to 
deal with the actual data which his observations supplied, and 
to consider the extent to which the laws proposed by Curie are 
true. Curie concluded his memoir by pointing out what has 
proved a fruitful analogy — namely, between the laws of passage 
from the liquid to the gaseous state and from the ferromag- 
netic to the paramagnetic condition. This analogy led to 
Langevin's electronic theory of diamagnetism and paramag- 
netism, followed by Weiss's attempt at a working theory of the 
ferromagnetic condition. The chapter concludes with an 
account of these later developments. 

2. Diamacjnetic Bodies. — The substances tested by Curie were Diamagnetit 
as follows : Water, rock salt, quartz, KCl, K2SO4, KNO3, S, Se, 

Te, Br, I, P, Sb, Bi. Water was very carefully studied, with 
a view to a reliable absolute determination of the suscepti- 
bility K ; the value of K for other bodies was deduced with 
reference to that of water as the standard. The remarkable 
behaviour of bismuth was the subject of special attention. In 
every case K was found to be independent of H. With the 
exception of perhaps three, all gave a value of K independent 
of temperature and of physical state. 

3. Water was examined in the liquid state, and by enclosure Water. 
in sealed glass tubes a range of temperature from 20°C. to 199°C. 

was covered. Measurements were made with the bulb full, 
then with the bulb empty ; the correction on account of the 
material of the bulb and of the air was eliminated by difference. 
This procedure was common to all the torsion-balance experi- 
ments. In the case of water the correction was a large one. 
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amounting to 4 per cent. The value adopted for K was 
—0-79 X 10"^. (Quincke found 0-815 ; and Du Bois, using 
Quincke's method, 0-837.) Curie concludes that its variation 
with temperature over the range taken is certainly within the 
limits of experimental error — namely, 1 per cent. 

Crystalline quartz has the same susceptibility in all directions. 

Sulphur is a good example of a substance where the invaria- 
bility of K persists through changes of aUotropic form and 
through passage from the solid to the liquid state. 

Phosphorus shows a distinct drop (about 20 per cent.) in K 
on passage from the white to the red variety. There is no 
change at fusion. Each variety shows invariabihty with 
respect to temperature. 
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'Bismuth. Bismuth in the solid state furnishes an example of a definite 

law of variation of K with temperature. The law is the linear 
one. At fusion there is a sudden drop to one-twenty-fifth of 
its value. Whereas in the solid state this metal possesses the 
highest value of diamagnetic susceptibility known — namely, 
— l-35xl0~° at 20°C., in the liquid state, it possesses the 
smallest— namely, -0-038x10-6. Between 20°C. and 273°C. 
the results are expressed by the formula, 

106K;(= -1-35(1 -O-0O115(<-20)]. 
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It is safe to conclude that Curie's law of K independent of T 
represents an important simple natural fact. But wMlst the 
law holds exactly (within the limits of experimental error) for 
many diamagnetic bodies, it is seen that it does not hold for 
others. Typical results are shown in Fig. 16. 

4. Paramagnetic Bodies.— Oxygen, palladium, air, FeSO^ in 
aqueous solution, glass and porcelain were experimentally 
studied. Plessner's and Wiedemann's results for paramagnetic 
salts were examined and discussed, and shown to bear a differ- 
ent interpretation from that of the authors. 
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Paramagnetic 
Bodies. 



The first four bodies above enumerated were found to have 
•a susceptibiUty independent of strength of magnetic field, and 

•also to satisfy Curie's second law K=-i Glass and 

■' abs. temp 

porcelain are composite substances, and were studied purely 

for the purpose of determining the correction to be applied for 

the bulbs containing the test specimens. 

Oxygen was enclosed in a glass bulb under pressures up 

to 18 atmospheres. K was found to be independent of 

pressure. The range of temperature was from 20°C. to 

450°C. The results are expressed in the curve of Fig. 17. 

The product KT, which has been called the " Curie constant," 

B.P.R. E 
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is 33,700x10-8. Thus, K2o=115x 10-6. The susceptibility 
of air was shown to be calculable on the assumption that it is . 
due solely to the oxygen present, the nitrogen acting merely as 
a diluent ; the product KT = 7,830 x 10-«. 

A perfectly pure sample of fallaiium was studied up to 
1,370°C., and gave KT= 1-520x10-6. 

For ferrous sulphate in aqueous solution the value cal- 
culated is for the salt only, that of water, taken as— 0-79 X 10~* 
at all temperatures, being allowed for. The result is KT = 
24,200x10-6. 

In all these cases K is seen to be numerically very much 
greater than in the case of any diamagnetic body. 

Wiedemann and Plessner had carried out measurements of 
the susceptibility of magnetic salts, and had suggested an 
equation of linear form, K(=Kj (1 — at). Curie showed that 
for MnS04 and C0SO4 their results are really expressible in 

terms of a hyperboHc law, or K a-. In the case of NiS04 the 

susceptibility changes more rapidly than according to the in- 
verse temperature law. 

It will be seen that Curie's law applies to all the chemically 
pure substances tried by him, and to the results of the other 
observers quoted, with one exception, namely, NiS04. Once 
more it may be inferred, then, that some simple natural pro- 
cess is in evidence, though later experiments quoted below 
confirm the conclusion that there are paramagnetic bodies tO' 
which Curie's law does not apply. 

Ferromag- 4. Ferromagnetic Bodies. — A very careful series of measure- 

netic Bodies. m.ents was made upon soft iron over the full range of tem- 
perature and field at command. Nickel and magnetite were 
studied at temperatures above that of magnetic transforma- 
tion. Cast iron was also examined. 
Soft Iron. 1^^^ results for soft iron are represented as two famihes of 

curves, the first connecting intensity of magnetisation and 
magnetic force at constant temperature, the second connecting 
intensity and temperature for constant field. 

Fig. 18 shows the former set of curves. To ehminate com- 
plication due to hysteresis, promiaent for small fields though, 
vanishiagly small in the higher fields used, the curves represent 
the " stable magnetisation " of the specimen.. This curve. 
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which may be attained by the aid of mechanical vibrations or 
of an auxiliary alternating magnetic field, lies between the 
ascending and descending limbs of the hysteresis loop, and 
passes through the origin. 

It will be seen that for low fields the curves for difEerent 
temperatures have a portion in common. Consider, for ex- 
ample, the curves for 20°C. and 601°C. As far as an intensity 
(magnetic moment per unit mass) of 130 the curves are practi- 
cally identical. At this point the curve for 601°C. rises more 
slowly, proceeding to a saturation value much smaller than 
at 20°C. Each curve is regarded for convenience as con- 
sisting of three portions. Taking, for example, the 601°C. 
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curve, the first portion OA is very steep, the third portion BC 
is practically a straight line parallel to the axis of H , whilst the 
middle portion AB serves to connect the other two. Curie 
imagined a limiting curve, OADE, to which these curves would 
approximate more and mo-re nearly the lower the temperature 
— in other words, the curve for absolute zero. As the tem- 
perature rises, the first portion (corresponding to OA) becomes 
shorter, likewise the third portion, until at 752°C. and upwards 
the curves becomes straight lines passing through the origin ; 

E2 
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the curves for temperatures near the point of magnetic trans- 
formation are shown to a larger scale in Fig. 19. The family of 
curves serves to show the continuity of passage, with rise of 
temperature, from the ferromagnetic to the paramagnetic 
state. 

Curves connecting I and temperature are shown in Fig. 20 
for fields of 25, 300 and 1,000 C.G.S. respectively. As H in- 
creases by equal steps the curves get closer and closer together, 
approaching a limiting value corresponding to infinite field 
strength. For low fields the maximum magnetisation may be 
attained at a temperature considerably above ordinary air 
temperature. In the strongest fislds there is from the first a 
steady fall of I with increase of temperature. The curves 
gradually close in to one another as the temperature of mag- 
netic transformation is approached. Curie has pointed out 
the vagueness that exists in the definition of this temperature. 
For each value of H the I , T curve descends very rapidly as the 
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critical point is approached, the slope attaining its maximum 
steepness at a certain temperature, an inflection therefore 
existing in the curve at this point. But this temperature of 
inflection depends upon the particular field strength used, 
varying, in the case of soft iron, between 740°C. for weak fields 
and 760°C. for very strong fields. Curie proposed to adopt 
the mean of these limiting temperatures as the temperature of 
magnetic transformation. The results at still higher tempera- 
tures are shown, with ordinat?s magnified 1,000 times, to the 
right in Fig. 20. Only one curve, that for H = 1,000, is given, 
since beyond the temperature of magnetic transformation the 
susceptibility u independent of the field strength. It will be 
seen that I contiaues to fall very rapidly long after that tem- 
perature is exceeded. At 930°C. (point A of Fig. 20) the slope 
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suddenly diminislies ; and between 930°C. and 1,280°C. soft 

iron behaves as a paramagnetic body, satisfying tlie law K a-. 

This second series of curves again shows how rise of tempera- 
ture is attended by the continuous passage of soft iron from 
the ferromagnetic to the paramagnetic condition. 

The behaviour of soft iron shows, however, many complica- 
tions. These are brought out more clearly in Fig. 21, where the 
logarithm of K is plotted against the logarithm of the absolute 
temperature. In addition to the point of inflection occurring 
at a (the point of magnetic transformation) , another occurs at h 
and another at c. From c to rf the curve becomes a straight 
line, with a negative slope of unity, which means that over 
this portion the law of inverse temperature holds. At 1,280°C. 
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the susceptibility suddenly rises by half its value to e, after which 
it apparently resumes parallelism with od. Curie interpreted 
the portion be as indicating a steady change of the iron to an 
allotropic variety, the change being complete at c ; and regarded 
this result as confirmatory of Osmond's theory of a, /S, and y 
iron. 

Magnetite was carefully studied, the specimen consisting of 
the natural octahedral crystals. The temperature of magnetic 
transformation is 535°C. From 550°C. upwards K is inde- 
pendent of H, but it is not until 850°C. is reached that K varies 
inversely as the absolute temperature ; this relation continues 
to hold as far as 1,360°C., the highest temperature employed, 
the Curie constant being KT =28,000 X lO-^- 
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Cast iron was investigated. with a view to showing the efiect 
of carbon on the magnetic properties of iron. Between 850°C. 
and 1,267°C. it behaves as a paramagnetic body, with the 
product KT = 38,500 X lO-^. The efiect of the carbon appears 
to be to lower the temperature at which the stage cd sets in {see 
Kg. 21). 

The resultj for nickel, and also for oxygen, ferrous sulphate, 
and palladium, are iacluded ia Fig. 21. The slope of the right- 
hand portion of the curves of the ferromagnetic group coincides 
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Curie's 
Analogy. 



with that of the paramagnetic bodies ; at a certain tempera- 
ture the former class passes into the latter, with constants of 
the same order as for oxygen, &c. 

5. Curie's Analogy. — The fact that a liquid can pass con- 
tiauously into the gaseous state under variation of pressure 
and temperature is a very familiar one. The magnetic be- 
haviour of iron as field strength and temperature vary is 
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strikingly similar. This resemblance was brought out by Curie 
by means of s'-ts of curves relating to the two classes of pheno- 
mena. These are reproduced in Figs. 22 and 23. 

Fig. 22 represents Amagat's results for carbon dioxide, Fig. 23 
Curie's results for soft iron. At a sufficiently elevated tempera- 

1 p 
ture, on the one hand, the simple law of the gas, density=- . ^, 

R T 

is attaiQ3d ; whilst on the other the simple law of thj paramag- 

TT 

netic body, I=A . — , comes into operation. 

6. Later Experimental Data.— It is seen that Curie showed Later Expert 
that the law of invariability of susceptibility with temperature •"6''*3l Data. 
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does not apply in every case of a diamagn^tic body. In rsgard 
to parama^3tic bodies, the only exception to the inverse 
temperature law encountered appeared to be NiSO^. Subse- 
quent work by other observers establishes the existence of 
other exceptions. Weiss and Kamerlingh Onnes, in the course 
of a research on magnetisation down to very low temperatures 
(" Journal de Physique," July, 1910) have shown that in the 
case of the metals manganese, vanadium, and chromium the 
susceptibility is practically invariable from ordinary tempera- 
tures down to that of liquid hydrogen. Their results for man- Manganese. 
ganese are especially interesting. The metal was prepared in 
the pure state by the electrolysis of MnClj. The grey powder 
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obtained was compressed into a compact rod. On examination 
it revealed the constant susceptibility and absence of hj^Btererfis 
of the paramagnetic body. Melted in an electric furnace in 
a vessel of magnesia, in an atmosphere of hydrogen, a solid rod 
was produced which on cooling behaved as a ferromagnetic 
body. A hysteresis loop was obtained, showing a Saturation 
value of intensity of magnetisation one-hundredth part of that 
of pure iron, with a coercive force of 670 C.G.S. — i.e., about six 
times greater than that of permanent magnet steal. This is 
reminiscent of Hopkinson's nickel steel with its two states, the 
paramagnetic and the ferromagnetic, existing at the same tem- 
perature. Honda and Du Bois have also recently discovered 
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Weiss' Hy- 
pothesis of 
tlie Magneton. 



several cases where the paramagnetic susceptibility is inde- 
pendent of temperature, or even increases with rise of tem- 
perature. 

Weiss has shown that in the case of all the ferromagnetic 
bodies above the critical temperature the law of variation of 
susceptibility with the temperature is more accurately ex- 
pressed by the formula K(T— 6)= constant : a formula which 
he deduces from the theory of the molecular field. 

Weiss has closely examined the law of variation of intensity 
of magnetisation of ferromagnetic atoms with temperature, and 
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its dependence in the case of salts and other compounds on 
the mode of chemical combination. In the case of magnetite 
above the Curie point, if the reciprocal of the intensity be 
plotted against temperature the curve is made up of five 
straight portions, the transition from one piece to the next being 
sometimes quite sharp, sometimes by continuous change of 
slope over a small range of temperature. The corresponding 
intensities are in the proportions of 4 : 5 : 6 : 8 : 10. To explain 
these results he advances the hypothesis that the magnetic 
moment of the atom or molecule changes by abrupt steps, the 
smallest of which constitutes a natural unit of magnetic 
moment, the magneton, the same for all ferromagnetic and 
paramagnetic bodies. An examination of the changes of 
magnetic moment with difference of chemical linkage, based 
on the data of Pascal and of Liebknecht and Wills, leads Weiss 
to the same conclusion. The experimental data point to the 
quantity 1123-5 as the unit per gramme-atom ; dividing this 
by Perrin's value 68-5 x 10^^ for the number of atoms per 
gramme-atom the value 16-4 X 10"^^ is obtained for the 
magneton itself. In the atoms of Fe, Ni and Co in the uncom- 
bined state the number of magnetons at very low temperatures 
is 11, 3 and 9 respectively. For copper sulphate in aqueous 
solution «=10 ; whilst if in ammoniaoal solution n=6. The 
double iodide of potassium and mercury, 2KI . Hg I.,, is inter- 
esting in that the component elements are diamagnetic, whilst 
the compound is paramagnetic (w=9). 

7. Langcvin's Theory. — Ampere's molecular current in a Langevin's 
circuit of zero resistance is reahsed in the electronic orbit. A Dj|£I?«Se*i- 
single molecule contains as many elementary current circuits 3^1 paramag- 
as there are electrons in motion. If these are so arranged that netie Bodies. 
the resultant magnetic moment is nil, we have the diamagnetic 
molecule. When the resulting magnetic moment is finite, we 
may have two case? : first, when the mutual magnetic influence 
of these molecules is inappreciable — the body is then para- 
magnetic ; second, when each molecule is sensibly influenced 
by its neighbours — this constitutes the ferromagnetic state. 
In accordance with Curie's analogy, Langevin treats the first 
two classes of bodies as consisting of molecules, as it were, in 
gaseous condition. If the body is diamagnetic, no orientating 
action of the external magnetic field will result, and there will 
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be no change of the aggregate motion. The ulterior encounters 
between the molecules will take place as before, and no change 
•of temperature can result. Conversely, no change of tem- 
perature will modify the diamagnetic property of the body. 

Langevin comments to the efiect that all the electrons in 
the molecule contribute to th3 action ; and the motion of these, 
■as is shown by the constancy of the spectral Enes, does not 
•depend upon temperature. It may be questioned how far this 
is true, and to what extent alteration of temperature may alter 
miolecular constitution, and so afiect the value of the suscepti- 
bility, even though the diamagnetic property persists. 

In regard to the diamagnetic molecule, Langevin's calcu- 
lationti, worked out on the basis of a circular electronic orbit, 
give for the increase of magnetic momert produced by an 

external field the value AM= — , whilst M=— ; where 

inm T 

€=charge of electron, S = area of orbit, T=p8riod of revolution, 

m=mass of electron. Thus 

M 47f m 

Since no value of H as high as 10^ can be obtained in practice, 

this means < 10~*, which accounts for the smallnsss of the 

M 

■diamagnetic susceptibihty. When the molecule is paramag- 
netic this diamagnetic modification must be regarded as still 
present, and superposed on the paramagnetic effect. It is so 
«mall, however, as to be completely masked by the latter. 

When the molecule is paramagnetic the effect of an impressed 
magnetic field is to tend to set the molecules with their mag- 
netic axes parallel to the field. This tendency is opposed by 
the thermic agitation and by collisions which tend to re-esta- 
blish the state of primitive disorder. There results a statis- 
tical equilibrimn, for which the resultant intensity of magneti- 
sation is a function of the magnetic field divided by th3 kinetic 
energy of agitation of the molecule. This application of the 
magnetic field to a paramagnetic body is analogous to the 
creation of a gravitational field within a closed region occupied 
by a gas. In the latter case the effect is to cause the molecules 
in the lower part of the containing vessel to have greater velo- 
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■cities than those at the top. This means an inequaKty of 
temperature. To restore the original temperature throughout 
heat has to be abstracted. There results, too, a redistribution 
of molecules, the density increasing from below upwards. The 
corresponding lowering of the centre of gravity is inversely 
proportional to the absolute temperature. 

The redistribution of axes in the magnetic problem corres- 
ponds to the redistribution of density in the gravitational one, 
and Langevin applies the Maxwell-Boltzmann law to its 
solution. The result is expressed in the equation 

I cosh a 1 ,,v 

■r=^n — — , (1) 

Iq smh a a 

T TT 
where a=^^, \ denotes the numerical sum of the magnetic 
RT 

m.oments of all the molecules in 1 gram-molecule, I the actual 
intensity in a field H, and RT= twice the kinetic energy per 
degree of freedom of the molecule multiplied by the number of 
molecules in one gram-molecule. The equation (1) represents 
a magnetisation increasing from zero as H increases, and finally 
taking up a saturation value corresponding to complete align- 
ment of the molecules. For all values of H that can be ob- 
taiaed in practice, however, I is proportional to H — that is, 
the susceptibility is constant. For small values of H/T 

a I ^ 

■equation (1) reduces to \[Iq=-, or I/H=-^. That is, the 

3 oIvT 

■susceptibility is inversely as the absolute temperature ; which 

is Curie's law for the paramagnetic body. 

8. M. Pierre Weiss in 1906 expounded a theory of the ferro- The Work Of 
magnetic body in which the liquid analogy is worked out. P- WeJss. 
Each molecule has its " sphere of molecular action," and is 
subjected to a field in the same direction as I and proportional 
to it. This field, called the " molecular field," is estimated at 
the enormous figure of 6x10^ C.G.S. It corresponds to the 
Laplacean internal pressure. 

This field is regarded as the only force which constrains the 
direction of the axis of the molecule — apart from that the sub- 
stance would behave as a gas. The laws of the paramagnetic 
body are assumed to apply to ferromagnetic substances, the 
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tatal field being tlie external applied field plus the " molecular 
field," just as the laws of the gaseous state have been applied 
to account for the properties of a Hquid, the total pressure 
being regarded as the resultant of the externally applied pres- 
sure and the "internal pressure." Denoting the molecular 
field by H;„, Weiss writes H„=NI, where N is a constant. At 
the Curie point the relation 0=CND holds, whsre 6 denotes 
the critical temperature, C the Curie constant in the para- 
magnetic state above the critical temperature, D the density.. 
From this relation N- can be calculated, and so H„. For iron 

756-1-273 
N=— ^j^— — =3850, whence H,„=3850x 1700 = 6-54x 10'* 

C.G.S., at the ordinary atmospheric temperature. 

The theory leads to the notion of corresponding magnetic 
states, defined by the equations, 

'^'r <* 

and ^=cotha-- (&) 

1™. a 



mo 



where I^ denotes the intensity of magnetisation per gram- 
molecule at absolute temperature T, I^^ the corresponding 
quantity at absolute zero. The equation (b) represents the 
generalised Langevin formulae. From these formulaj it follows 

that the curve connecting =^ and T/6 should be the same for 

all ferromagnetic bodies. The actual curves obtained from 
experimental data show that this result holds for magnetite 
extremely well over the upper portion of the range of tem- 
perature, but not at the temperature of liquid hydrogen. In. 
the cases of Fe, Ni, and Co there is greater divergence. The 
alloy FejNi furnishes a case where the agreement is perfect 
over the whole range of temperature. The discrepancies led 
Weiss to the view that Langevin's assumptions were too simple,, 
and that it was necessary to postulate the variability of mag- 
netic moment of the elementary atom. Trial showed that the 
saturation values, at very low temperatures, of the magnetic 
moment per gramme-atom of the elements Fe, Ni, and Co- 
stand in the simple relation 11:3: 9. Hence the hypothesis 
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of the magneton, a natural unit magnet of invariable magnetic 
moment. Further data bearing on this hjrpothesis have been 
■quoted in §6 above. Eeference may also be made here to an 
interesting Paper by Ashworth ("Phil. Mag.," 1912) showing 

identity of the values — for iron, nickel and cobalt in corre- 

sponding magnetic states, the intensities in that case being 
residual intensities. 

It will be seen that Curie's suggestions as to the continuity 
of the ferro- and paramagnetic states, and of the liquid-vapour 
analogy, have led Weiss to results of a fundamental character. 
Out of his work has arisen the idea of the magneton, playing 
a part in magnetic phenomena corresponding to that taken by 
the electron in electrical phenomena. This view bids fair to 
take a secure place in electrical theory in the near future. 



CHAPTER VI. 



THE AURORA. 



1. The phenomenon of the Aurora, in many of its superficial Theories of 



aspects, is a matter of almost daily experience in high northern 
and southern latitudes. While in our own latitudes the 
" northern lights " are neither frequent nor brilHant, they are 
a never-failing source of interest and an unceasing object of 
inquiry. The journal of an arctic or antarctic expedition is 
never dull reading. As regards its inner mechanism the aurora 
is far less communicative. Schuster in 1889 proved that the 
diurnal variation of the earth's magnetism has its origin outside 
the earth's surface, and drew the natural conclusion that it is 
due to electric currents circulating in the upper regions of our 
atmosphere, De la Rive had previously shown an experiment 
in which the electric discharge in an exhausted bulb containing 
a magnet pole was supposed to reproduce some of the 
appearances of aurora. This, however, and the later experi- 
ments of Lemstrom, do little more than suggest that the 
aurora is an electrical phenomenon, and susceptible to a 
magnetic field. 

The recent enormous accessions to our knowledge in. regard 
to the electric discharge in gases have naturally paved the way 
to a more thorough elucidation of the subject. Below are con- 
sidered two recent investigations whose aim is to reproduce 
experimentally the phenomena actually observed on our globe. 
The first series of experiments is due to Prof. Biekeland, and is 
devised to support his theory that perturbations of the earth's 
magnetic field, and polar auroras, are both effects arising from 
the same cause — namely, the precipitation on the earth of 
streams of electric corpuscles shot out from the sun's surface, 
especially in the region of sunspots. 

The second series of experiments is due to the able French 
scientist P. Villard. By means of a beam of cathode rays 
moving in a magnetic field some of the chief auroral charac- 
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teristics are strikingly reproduced. The source of the cathode 
beams which are thus regarded as causing the aurora is held 
to be terrestrial, and not of solar or cosmic origin. 

Auroral 2. Before proceeding to an account of these two " working 

Phenomena, models " it will be well to recall briefly the main facts of the 
aurora. As seen in high latitudes the characteristic form taken 
is that of a luminous arc, the highest point of which is in or very 
near the magnetic meridian. Within this arch of light the sky 
is comparatively dark, the lower boundary of the arc being 
fairly sharp. From the upper side streamers radiate into the 
sky, constituting as it were spokes of light, whose bases rest on 
the auroral arc, their upper ends fading to extinction, or some- 
times converging to form the " corona." Of course the effects 
are often more complex, a confusion of vertical rays, arcs, 
scrolls, bands, draperies and luminous patches, baffling descrip- 
tion. 
The Spectrum. ^^ regards colour, a rosy tint is often seen at the base of 
the auroral arc. Higher up the prevailing colour is a whitish 
yellow, passing into a green light at the highest points of the 
streamers. Examined by the spectroscope some nine lines are 
visible, including the characteristic yellowish-green line which 
the smallest spectroscope will show. For long these remained 
unidentifiable with any known spectral lines. More recently, 
by photography, the number has been increased to upwards of a 
hundred, mostly in the ultra-violet region ; and most of them 
have been identified with the lines emitted by the most volatile 
constituents of atmospheric air, unliquifiable at the tempera- 
ture of Uquid hydrogen. The rosy tint of the auroral arc 
appears to be mainly due to neon, and the characteristic 
yellowish-green line to krypton. 

Movement, often very rapid, is seen to occur. Sometimes it 
appears to be one of rotation about the earth's magnetic axis, 
the bases of the streamers ghding as it were along the auroral 
arc. Or the efiect observed is one of displacement of the 
streamers in the direction of their length (' dance ' of the rays). 
The Upper Estimates of the Ae?<7^t of the aurora are rather imcertain. As 

Atmosphere, seen in high latitudes, the auroral arc is to be leckoned in tens 
of miles above the ground, though sometimes it is undoubtedly 
much lower, being seen projected against the background of 
neighbouring mountains. As seen in our own latitudes the 
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height is very much greater, say, a hundred or several hundreds 
of miles. In this connection it is important to note that the 
composition of the atmosphere would be expected to vary 
greatly with height. Each constituent gas may be pictured 
as forming a separate atmosphere of its own, the density at 
higher elevations falling ofE more gradually the lighter the gas. 
Whilst at the earth's surface nitrogen and oxygen predominate, 
hydrogen constituting only some 1 part in 100,000, at a height 
of 50 miles nitrogen and oxygen will be practically absent ; the 
hydrogen greatly preponderating, with helium and neon present 
in large proportion. Pickering has actually observed the hy- 
drogen and helium lines in the spectrum of a meteoric stone 
entering the limits of our atmosphere. 

Quite recently StiJrmer has made precise measurements of 
the parallax of the beams and arches of the aurora. He did 
this by simultaneous photography of the aurora and of the 
brightest stars appearing through, at stations in Norway a few 
kilometres apart connected by telephone. Out of 150 well- 
determined altitudes the lowest cases occurred at an altitude of 
about 40 km. The upper limit was at 260 km. Stormer is 
also making cinematographic studies of the aurora, which are 
likely to be of great value. 

In extent, auroras may be local, or they may cover practically 
the whole of our globe at once. The former are observed in the 
polar regions. As regards the latter, the visual phenomena 
have been observed even at places within 20 deg. of latitude on 
either side of the equator, and there is little doubt that the 
large displays occur simultaneously in both hemispheres. It 
follows that the frequency of display increases as one leaves 
the equator. But this does not go on without limit ; a zone 
of maximum frequency is reached, approximately circular, and 
situated some 15 deg. from the magnetic pole. Another curve, 
not quite coinciding with the line of maximum frequency, has 
been drawn, such that at places on this line the aurora appears 
just as frequently to the south (speaking of arctic regions) as to 
the north. Within this zone, and therefore in strictly polar 
regions, the frequency of occurrence and the brilliancy of the 
phenomenon fall ofE considerably, and, moreover, it most often 
appears to the south of the observer. 

The efiects are in the daytime totally masked by the sun- 

E.P.B. F 
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light. They appear at their maximum a few hours after sun- 
set, the intensity at an equal interval before sunrise being 
incomparably feebler. 

The apparent connection with cirrus clouds has been often 
observed. After dawn succeeding an auroral display the cloud 
forms seen will often be strikingly like those of the aurora. 
Acute observers have been doubtful whether they were viewing 
glowing cirrus clouds or aurora. 

Villard's 3. Villaed, in 1906, published an account of some remark- 

Experiments, g^jjjg experiments. Many authors have suggested that auroral 
phenomena are due to electric discharges similar to the cathode 
discharge in a vacuum tube, and this view is no doubt generally 
held. In the experiments cited it has been sought, by the 
action on a beam of cathode rays of a magnetic field similar to 
the terrestrial magnetic field, to reproduce many of the char- 
acteristic eSects of structure and movement in the aurora. 
Photographic records were made of the path of the cathodic 
beam, some of which are reproduced opposite. A thin parallel 
beam of rays was obtained by aid of a flat cathode, in front of 
and close to which was placed a mica plate with a minute hole 
in it. The gas employed in the bulb was oxygen. 

If the beam is shot at right angles to a uniform magnetic field, 
the path of the rays, as is well known, is a circle of radius 
inversely proportional to the field strength. Fig. 24 shows the 
result obtained for several successive strengths of field. 

When the beam is shot obliquely in the uniform field, the 
resultant path is a spiral of constant pitch, whose axis is parallel 
to the field. Fig. 25 represents this case. 

Experiments were next made in the field between two equal 
magnetic poles of opposite sign. The field was produced by 
means of two straight electromagnets set in line with one 
another, the rods being long in comparison with the distance 
apart of their adjacent ends. Consider a beam of cathode-ray 
particles shot in the equatorial plane of this field. As the 
particles get nearer to the axis of the field they pass into a 
region where the magnetic force is stronger, and vice versa. 
The result will be a path as shown in Fig. 26. Fig. 27 is a 
reproduction of Villard's photograph for this case. 

To take a step further : consider a beam of particles whose 
velocity contains a component parallel to the axis of the field 
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Fig. 24. — Uniform Field. Fiq. 2j — Uniform Field. Cathode E,ays 
Cathode Bays Projected Projected Obliquely. (Villabd.) 

Normally. (\'illakd.) 




Fig. 27. — Photograph of P^ay's ix Field A3 sketched in Fia, 
(N'illard,) 



To face page 66. 



THE AURORA. 



67 



last described. The particles should now start on some spiral 
path whose axial direction makes an angle with the meridional 
planes of the field. But there is a further factor to take into 
account. Movement parallel to the axis of the field means 
passage into the stronger field near a pole. This causes the 
pitch of the spiral to diminish, and ultimately results in a 
reversal of path. The beam spirals to the other pole, again to 
sufier a reversal of direction, and so on. Thus a zigzag will 
be described over a surface whose axis is that of the field. To 
an observer situated in the field between the poles, and looking 




FlO. 26. — ^FlBLD BETWEEN TwO POLES. CATHODE RayS PbOJEOTBD IS 

Equatorial Plane. (Diagrammatic representation.) 



in the direction of the north pole, the cathode particles would 
describe spirals in the clockwise direction, the resulting zigzag 
line being such as to carry the particles from west to east. The 
apparatus, and the effect which should be produced, are shown 
diagrammatically in the drawing of Fig. 28 ; whilst an actual 
photograph of the discharge is shown reproduced in Fig. 29. 
The beam has its origin in the top right-hand corner of Fig. 28, 
and in the top left-hand corner of Pig. 29. 

On these experiments Villard bases his explanation of the 
aurora. Imagine the bulb and field of Fig. 28 expanded to the 

F2 
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size of the earth, and compare the luminous efiect with that of 
the classical aurora. The consecutive elements of the zigzag 
cathodic path represent luminous streamers converging to the 
poles, but stopping at a distance from them and resting, as it 
were, on arcs with black interior. This is shown in Fig. 30, 
where the photograph has been taken from a different point. 
At either arc, and some distance from it, two adjacent beams, 
one incoming, the other outgoing, will overlap and so give an 
increased brightness. If the " step " of the zigzag is greater than 
the breadth of the beam, the classical fan tail will result; if less, 
then distinct overlapping ensues, causing the appearance of a 
drapery. A change in the strength of the field, or of the speed 
of the rays, will alter the step, and so cause an apparent sUding: 




Fig. 28. — Field between Two Poles Cathode Rays PkojectbD' 
Obliquely. (Diagrammatic bepbesentation.) 

movement of the bases of the beams on the auroral arc. A 
change in the point of convergence of the field will cause a 
movement of the arc up and down, just as in the so-called 
" dance " of the rays. The first kind of movement could be 
produced in the vacuum bulb by alteration of the strength of 
the magnet ; the second by the approach of a piece of soft iron 
near to a pole. 

The path in the earth's magnetic field should be described 
from west to east, and should, therefore, fade in intensity 
as one travels east, dying away after a certain fraction of a 
rotation is completed. Thus, the aurora should be seen 
most distinctly soon after sunset, afterwards fading away aa 
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Fio. 20. — Photouraph of Zrozvi; Path of P>ays in Mai.i.ne'I'io Field. 
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FiO. 3it. — View of Rays from Diffhrent Point. (Vileabd.) 
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"the place of observation is carried by the earth's rotation 
further and further east of the meridian containing the sun ; 
which agrees with observation. 

M. Villard goes further, and regards his experiments as point- 
ing to the terrestrial origin of the cathodic streams. Were they 
•of solar origin, he considers that the extent of the phenomenon 
should be a surface whose radius is that of the earth's orbit, 
as the place of origin must lie on the trajectory of the particles. 
Whilst regarding the source of the rays as uncertain, he sug- 
gests the possibility of its being in the masses of electrified ice 
particles constituting cirrus. The undoubted influence of the 
sun is regarded as a trigger effect : possibly the cirrus clouds 
may act as great secondary cathodes, excited by the bombard- 
ment of solar corpuscles ; or the negative electricity may be 
discharged by the incidence of the ultra-violet rays, since 
Buisson has shown that ice crystals negatively charged show 
the photo-electric effect. The cathode beam would be shot 
perpendicularly to the surface of the cloud — i.e., nearly verti- 
cally — and thus obliquely to the earth's lines of force. The 
path described would be that of the model as shown in Figs. 28 
and 29, only on the gigantic scale in which the turning points 
are the earth's north and south magnetic poles. 

4. Prof. K. BiRKELAND, in 1896, propounded the solar corpus- Birkeland's 



■cular theory enunciated above. Since that time he has engaged 
in three A.rctic expeditions for the purpose of acquiring data 
Tespecting the value of the perturbations in the magnetic 
■elements, and their relation to auroras. At the same time he 
has conducted experiments on the effects produced by a beam 
of cathode rays shot off in the direction of a magnetised sphere 
or " terrella " enclosed in the discharge bulb. The terrella was 
mounted on a universal joint so that the relative positions of 
the earth (represented by the terrella) and the place of origin in 
the sun's surface (represented by the cathode) could be repro- 
duced for different times of day and different periods of the 
year. The P.D. across the tube was 3,000 volts, obtained from 
a Thury direct-current dynamo. The terrella was magnetised 
by currents going up to 33 amperes. 

Though Birkeland has not succeeded in embracing pheno- 
mena over the whole globe in his theory, he claims to have 
explained elementary magnetic storms quite satisfactorily. 
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Models. 



Source of 
Energy. 



The negative equatorial storm, for instance, whicli is attended 
by a decrease in the horizontal component at or near the 
equator, he explains as due to a circular stream of cathode rays 
encircling the magnetic equator. Fig.. 31 is from a photograph 
of the effect as shown on the terrella. In Fig. 32 is shown the 
production of luminous rings over the polar regions. These 
he regards as corresponding to the auroral zones. 

He has been assisted by Prof. Stormer, who has calculated 
the possible trajectories of electrified particles shot from the 
sim in the direction of the earth. One class of rays, he shows, 
would strike the earth at nearly normal incidence ; whilst a, 
second class should approach the earth and then recede, after 
grazing the earth tangentially. The circular ring of Fig. 31 is 
interpreted as the envelope of rays of the latter kind. The 
resulta are shown by means of wire models, an example of which 
is shown in Fig. 33, representing the case of rays shot out above 
the equatorial plane of the earth, rays that actually terminate 
on the earth's surface being, however, purposely omitted. 

5. In comparing different explanations of aurora, and mag- 
netic storms or magnetic variations in general, it is very im- 
portant to bear in mind the energy point of view. Birkeland 
appears to ascribe the source of energy to the sun, and pro- 
ceeds to form an estimate in horse-power of the requisite solar 
radiation, and to speculate on its relation in amount to the heat 
and light emitted, on the basis of radioactive theories. 

Lord Kelvin, over half a century ago, argued the impossi- 
bility of a solar origin for the energy, by showing that the sun 
would have to emit as much radiation in the course of the few 
hours of a storm as it does normally in the course of several 
months. The possibility of a. limited beam of cathode rays 
originating in a very small area of the sun's surface — namely, 
at a sunspot — seemed to offer a simple way out of the energy 
difficulty. After all, the extra draft of energy called for might 
be comparatively small. Schuster, however, has pointed out 
— by reasoning from which there seems no escape — that Lord 
Kelvin's reductio ad absurdum still applies. Schuster inchnes 
to the view that the source of the energy is to be found in the 
kinetic energy of rotation of the earth, the mode of transforma- 
tion being probably by the movement of masses of air across 
the earth's lines of force, whereby electromotive forces are 
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Fio. 31. — Terrella is Vacuith Tube, (Birkeland.) 




Fig. 'i-. — Lnnxors Riko on Ter'!Ella, coRREsroNDisG to Polafc 
ArmiRAL Zones. ( Birkeland ) 
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induced. Electrical energy being the product of volts and 
amperes, electric corpuscles or ultra-violet radiation from the 
sun would play the role of increasing the conductivity of the 
paths of the induced currents. 

Much of interest has yet to be learnt concerning the con- 
nection between air movements and atmospheric electrical 
phenomena, and more definite knowledge of the laws of these 
movements may do much to clear up the mystery still attaching 
to the Auroral branch of Meteorology. 



CHAPTER VII. 



BROWNIAN MOVEMENTS. 

1. If a liquid containing veiy fine particles — for example, 
water to which a small proportion of milk is added, or a 
mixture of dilute soclinm hj^posulphite and dilute acid — is 
examined under the high powers of the microscope, the par- 
ticles are seen to be in incessant to-and-fro nrotioii. If lateral 
illumination is employed, particles far smaller than those 
detectable by ordinary illumination manifest themselves, 
standing out. by the light they scatter, against a dark back- 
ground, just like stars in the night sky. The liyely dance of 
bright spots, often in briUiant colours when sunlight or the 
light of the arc is used, is a fascinating one to watch. In 1827 
the English botanist BBO\yN called attention to this pheno- 
menon. For a long time the subject was left unheeded, being 
regarded by physicists as carrying no special significance. In 
1888 GouY published the results of experiments which clearly 
showed the character of these movements to be independent 
of external vibration, of convection currents arising from in- 
equalities of temperature in the liquid, or of the intensity of 
illumination employed. The movement goes on always, to a 
less extent the more viscous tlie liquid. He therefore put for- 
ward the hypothesis that we have here an agitation of the same 
nature as that postulated in the kinetic theory of matter. 

2. The kinetic theory begins with the atomic conception of The Kinetic 
nratter, adding the hypothesis of the incessant movement of Theory. 
the constituent molecules of a body. In the case of gases the 

theory is capable of being mathematically followed out in 
many of its consequences, as has been done especially by 
Clausius and Maxwell. One fundamental theorem is that of 
the e(|ui-paitition of energy among the molecules of a gas, 
independently of the nature of the molecule. If m denotes 
the mass of any molecule, v its velocity, then h)iv-. or w, the 
mean kinetic energy of translation of the molecule at any par- 
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ticular temperature, is a universal constant. It follows that 
all gases contain the same number of molecules, n, per unit 
volume, at the same temperature and pressure ; or, in other 
words, that the number N of molecules in the gram-moleeule 
of any gas is the same. The number of molecules in 2 grams 
of hydrogen and in 36-5 grams of hydrochloric acid gas is the- 
same, being of the order of, say, 60x10^^. The pressure 
exerted by a gas is the resultant efEect of the molecular bom- 
bardment of any surface exposed to the gas. It is thence 

3R 
deducible that yf=RT, and that w=^ . T=a . T, R having 

a constant value, 83-2 x 10®, for the gram-molecule. Thus, 
if w (or a) is Icaown, N is known ; or vice versi.. 

The electronic charge e is also connected with N, since Ne 
is the charge conveyed by 1 gram of hydrogen in the electro- 
lysis of water — namely, 96,540 ampere-seconds or 29 X 10^* 
electrostatic units. 

The kinetic theory connects such apparently diverse mag- 
nitudes in gases as the pressure, the coefficient of difEusion, the 
thermal conductivity, and the viscosity. 

When appUed to liquids the kinetic theory, owing to the 
complexity introduced by inter-molecular actions, has not 
found accurate mathematical expression. Van't Hoif, noting 
that the values of osmotic pressure obtained by PfefEer de- 
pended only on the number of molecules of dissolved salt per 
unit volume, and not on the nature of the salt, and that th& 
pressure was the same as that produced by the same number 
of molecules in the gaseous condition, concluded that the 
mean kinetic energy of each one of the molecules concerned 
was equal to that of a gas molecule. Goiag a stage further, 
the conclusion seems inevitable that not merely a few dis- 
tinguishable molecules, but that all the molecules of a liquid, 
solvent as well as solute, should be regarded as possessing this 
same quantity, w, of kinetic energy of translation. Where the 
liquid is electrically conducting, each ion is to be regarded as a 
molecule in the sense of possessing the same kinetic energy. 

The kinetic theory has even been applied to the free elec- 
trons which are postulated as existing, Hke a very light gas, 
in the interstices of a metal. Supposing these electrons to 
possess the molecular kinetic energy w, dependent on the 
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temperature of tlie metal, but independent of its clieniical 
nature, the ratio of the electrical and thermal conductivities 
and the temperature variation of that ratio may be deduced. 
The calculated values show striking agreement with experi- 
ment. Lorentz, starting from this conception of free electrons, 
has deduced an expression for the heat radiation from a metal. 
Equating to the data of experiment, a value for iv has been 
thence obtained agreeing very well with the value adopted for 
the ordinary gas molecule. 

3. The Brownian morcmcnt, as we have seen, raised the Einstein s 
cjuestion as to whether the kinetic theory could be regarded as Fofn,u|a_ 
applying to particles consisting of assemblages of molecules 
so large as to be actually visible. Maxwell, writing on the 
kinetic theory, refers to the state of perfect repose which, even 
under the highest power of the microscope, appears to exist in 
a body. The Brownian movemeirt forms an exception to this 
generality. Does it fall in the category of kinetic heat move- 
ment ? 

Since G-ouy's arresting memoir of 1888 much has been done 
in the direction of an answer in the affirmative. In 190(-; 
Einstein, and independently Smoluchowski, showed how to 
express the mean displacenrent of such a particle in terms of N. 
Einstein's formula is 

^T 1 

where ^ represents the displacement in any given direction iu 
a time t, a denotes the radius of the particle assumed spherical, 
( the coefficient of viscosity of the surrounding medium. This 
equation contains the assumption that the particle possesses 
the mearr kinetic energy of translation «>, also that the fric- 
tional resistance to its movement through the medium is given 
by Stokes' celebrated formula Y — CtTra^c, where v is the velocity 
of the particle with respect to the mediunr. 

In 1908 and 1909 Jean Perrix made an extremely important The Work 
series of experimental contributions to the subject. It is the 
main object of this article to outline the methods aiul the 
results of this remarkable research. His experiments fall iu 
two classes. In the first place he conceived the idea of testing 
whether, in a licjuid medium in which are suspended granules 
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of uniform size large enough to be visible, these particles 
follow the law of concentration that holds for a gas under the 
influence of gravity. In an enclosure at constant temperature 
the density of a gas is greatest at the bottom of the vessel, 
decreasing in geometrical progression as the height increases 
in arithmetical progression. The granules will attain this 
distribution if their mean energy of translation is constant. 
The Denoting the value of this energy by W, the equation 

-|Wlog^''=9(A-%A (2) 

holds ; m^ and m denoting the number of granules per cubic 
centimetre at two points between which the difference of 
level is h, (p the volume of each granule, A and d the density 
of the granular material and of the liquid respectively, g the 
acceJeration due to gravity. 

Microscope construction has now been brought to a high 
degree of perfection, and with the aid of lateral illumination 
particles of ultramicroscopic magnitude can be rendered 
visible. Perrin realised the possibility thus presented of sub- 
jecting the above equation (2) to the test of direct experiment. 
He prepared an emulsion containing granules of practically 
uniform size, and succeeded in showing that when allowed time — 
generally a few hours — to attain the steady state of distribu- 
tion, the density of distribution of the granules decreases from 
the bottom of the vessel upwards, and this according to the 
exponential law. But whilst in the case of our atmosphere 
half density would be attained at a height of some 6 km., in 
the case of these emulsions the half concentration occurs with 
a rise of one-hundredth of a millimetre. The size of the 
granules and their density being also ascertained, a value of 
W was successfully arrived at. The crucial test was thus within 
reach, namely of comparing this quantity with the constant w 
assigned by the kinetic theory to the gaseous molecular particle. 
It must be remembered that the latter quantity cannot be 
regarded as known with more than approximate exactness. 
The value of N based on the kinetic theory of gases may be 
taken as 60 X 10^^. The value of the corresponding number 
obtained by Perrin for his granules was 70'5 x 10^^. 

Perrin's second series of experiments was in verification of 
Einstein's formula. The measurements required are of much 
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difficulty. Armed, lio\ve\er, with a method of produein.ii 
granules of uniform size, and witii satisfactory means, dis- 
covered in the course of the preceding researcli, of measuring 
the size, he was able to estabhsh the formula very satisfactorily 
over a large range in size of granule, for granules of different 
material, and over a large range of variation of viscosity of the 
suspending liquids. The value 71-.5xll)-- so obtained for N 
shows practically perfect agreement with the value obtained 
by the first, radically different, method. 

It appears, then, that Perrin's two lines of experiment lead 
to values for N (or for the mean kinetic energy of translation 
of the particle) which are of the same order as those assignable 
to a perfect gas. A more complete confirmation of the 
kinetic theory of the Brownian movement could hardly be 
looked for. 

These experiments place the theorems of the kinetic theory 
on something like an experimental basis. Particularly of 
value are they in supporting the hypotheses of Van't Hoff and 
of Arrhenius in regard to solutions, when o}ie remembers the 
strenuous opposition with which these views are still met b)^ 
some chemists and physicists. 

The accurate determination of the electronic charge c is TheElec- 
perhaps of more interest even than that of N, and Perrin's ^ 

value for the latter may be employed to furnish an independent 
estimate of the magnitude of the natural unit of electricity. 
Taking then N = 70-5x fO-'- we have 

9654 / 3 /. l()io 

Perrin has also studied the Brownian movement of rolution, Rotatory 
for which Einstein had again found an expression on the Movements. 
assumption that the kinetic energy of rotation is equal to that 
of translation. His measurements point to this equality, 
though probably the movements of rotation are not capable of 
sufficiently accurate measurement to justify the conclusion 
that absolute equality holds. This part of his work is of 
interest in connection with the theorem of the C(|ui-partition 
of energy among the various degrees of freedom of a gas 
molecule, which has been advanced by Boltzmanu, though not 
to the satisfaction of the majority of physicists. 
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Y. Henri has examined the Brownian movement oinemato- 
graphically, taking photographs every twentieth of a second, 
with a period of exposure of one-three-hundred-and-twentieth 
part of a second. By the employment of solutions containing 
a sufficiently small number of particles per unit volume it is 
thus possible to obtain numerous points on the path of the 
same particle. The trajectory so derived is of the kind one 
imagines on the kinetic theory, though, of course, the straight 
elements joining two successive points do not represent the 
path between two collisions, but give merely the displacement 
of a particle after an immense number of collisions with mole- 
cules of the solvent. 

4. PerrirCs Work. — The work of Perrin will now be con- 
sidered in more detail. Let us consider first the difEerent 
stages in the examination of the law of distribution. 

of"'uri''?orm ^^"^ Preparation of a Uniform Emulsion. — After trial of several 
emulsion, colloidal solutions, M. Perrin found a satisfactory material in 
gamboge, a substance well known as a water colour. One 
method of producing an emulsion is to treat the gamboge with 
methyl alcohol, which dissolves a considerable fraction. On 
adding to the clear solution a considerable quantity of water, 
a yellow opaque emulsion is produced which consists, as shown 
by examination under the microscope, of a swarm of yellow 
granules of various sizes, all perfectly spherical. These can 
be separated by centrifuging from the containing liquid, which 
can then be replaced by pure water. A systematic procedure 
is next adopted comparable to the fractionation of a liquid 
mixture by distillation, whereby to produce an emulsion con- 
sisting of granules of any desired uniform diameter. The 
vessel of the centrifuge is filled to a definite height, say 10 cm., 
with the emulsion in water ; the machine is turned at a definite 
speed, say 30 turns per second (corresponding to a centrifugal 
force 500 times greater than gravity). After a definite time, 
say 60 minutes, the motive power is cut ofi and the vessel 
allowed to slow down gradually. A jelly-like mass now 
occupies the bottom of the vessel, consisting of the aggregation 
of granules which have reached the bottom in the centrifuging 
process. Let a-^ denote the least radius which a granule, 
initially at the surface, must have to reach the bottom at the 
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moment centrifuglng is stopped. All granules larger will, 
therefore, be found at the bottom of the vessel. But there will 
be present at the bottom some particles smaller than a■^, which 
have had time to arrive there owing to their having been originally 
present in the lower layers of the emulsion. The supernatant 
liquid will consist of particles smaller than a^. By means of 
a syphon these particles may be removed. The vessel is now 
filled with distilled water to the original height, the sediment 
being well stirred to form once more a uniform emulsion. The 
■centrifuglng process is repeated in exactly the same way, and 
so on again and again, until finally the supernatant liquid is 
perfectly clear. All particles of radius less than asj^ will thus 
have been removed. Operations are now recommenced on 
this sediment, but with a shghtly shorter time of centrifuglng. 
'The suspending liquid will then contain no particles of radius 
greater than a certain value a,, whilst none can be present of 
radius less than a^. By choosing the interval of centrifuglng 
so that fflj is very nearly equal to a^ a practically uniform 
emulsion is finally obtained. 

(ii.) Distribution of Granules. — Having secured a uniform The Law 
emulsion, Perrin proceeded to examine the variation of con- fcl,jjni 
oentration in successive horizontal layers when equilibrium 
had been attained. A shallow cylindrical vessel of height 
about one-tenth of a millimetre is taken (such as are made by 
Zeiss for enumeration of blood corpuscles), and in it a drop of 
the emulsion is placed, the top being closed in by a cover glass, 
which is then varnished round its edges to prevent evaporation. 
The preparation, carefully levelled, is then examined under a 
vertical microscope of very high power, in which case the depth 
of focus is small. Only those granules can be seen clearly 
which are contained in a very thin horizontal layer of thickness 
about 1 fj, {ju= i-jij-jmm.) To count the number of granules in 
any layer two methods have been employed. The first is that of 
instantaneous photography ; this is, however, only applicable 
when the granules are relatively large. The second method is 
to place in the focal plane of the eyepiece an opaque screen of 
foil, in which a small circular hole is pierced. The field of 
vision is thus restricted, and the eye is able to take in at a 
glance the number of granules present at a definite instant (a 
maximum of five or six is best). A very large number of obser- 
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vations are made at a given level at equi-distant intervals of 
time, and tlie mean of these is taken. The level is then altered 
by a known amount, and the counting process repeated. Some 
thousands of readings are requisite to secure a reasonably high 
degree of accuracy. The concentrations of the granules in 
five equi-distant planes 25^ apart were obtained ; the first plane 
being 5/< above the bottom of the vessel, to eliminate the 
possible influence of the boundary. To take one example : 
in the case of granules of radius 0-14/.<, the numbers found were 
in the proportion 200, 170, 146, 116, 100, whereas the numbers 
required for geometrical progression are 201, 169, 142, 119, 100. 
The exponential law was thus proved to hold for gamboge 
particles of radius 0-14^ and upwards, and also in the case of 
an emulsion of mastic with particle radius 0-52/<. 

Size of {Hi-) Size of Granules. — At first the law of Stokes was in- 

Granules. yoked for the determination of size of particle. The emulsion 
was placed in a capillary tube sealed at both ends and installed 
vertically in a thermostat. With a fine tube convection 
currents are avoided, and the granules fall steadily like a cloud, 
with a fairly sharp upper surface ; their rate of fall being 
measured by a horizontal microscope. Equating Stokes' ex- 
pression 6na{v to the apparent weight of a granule ^7ia^(^—d)g, 
a is determined. 

A second method consisted in counting all the granules 
present in a small volume of the emulsion. If the total mass 
of the granules present is known, and the density of each 
granule, then the volume, and thus the radius, of a granule may 
be calculated. The counting is done in the flat cell already 
described, the bottom of which is divided into squares of 50/< 
side. The method depends for success on an observation made 
by Perrin that in a feebly acid medium the granules collect on 
the walls of the glass bounding the preparation. As soon as 
a granule touches the wall it sticks there. After a few hours, 
therefore, all the granules will have left the preparation and be 
found fixed to the walls. A camera lucida is then fitted to the 
microscope, and a copy made on paper of the squares and con- 
tained granules, first on the ceiling, then on the floor of the cell ; 
whence the number present is obtained. The determination 
of the density is referred to later. The total mass of gamboge 
(or mastic) in a given volume of femulsion is determined by 
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evaporation of a known volume to dryness a little above 100°C. 
A glass-like mass is left whose weight remains constant, not 
altering even when the temperature is raised to 130°C. or 140°C. 
The determination of this weight furnishes the required datum. 

A third method depends on the fact that the granules under 
the influence of acid often arrange themselves in rods com- 
posed of several granules. These rods are of sufficient length 
to measure accurately ; and the component granules being 
distinguishable, and therefore capable of being counted, the 
diameter may be estimated. 

The three methods give concordant results, providing inci- 
dentally a valuable confirmation of the applicability of the 
law of Stokes to such small granules. The most careful 
measurements were made on a gamboge emulsion. By the 
second method, after experiments in the course of which some 
11,000 granules were enumerated, the value 0-212^ was ob- 
tained for the radius ; whilst by Stokes' law the value 0-213/z 
resulted. 

(w.) Density of Granules. — The mass of resin in a given 
sample of emulsion may be readily determined by evaporating 
to dryness. The density of the residue is accurately found, 
and taken to represent the density of the granules. 

5. The exponential distribution being estabhshed, and all Nfrom 
the requisite data obtained, the equation of distribution allows '""''"""""'" 
of the determination of N, and that with a high degree of 
accuracy. Perria's mean result, based on several series of 
experiments involving the measurement of some tens of thou- 
sands of granules, is that Avogadro's constant N=70-5xl0^^ 

6. Perrin's next step was to seek for experimental confirma- Confirmation 
tion of Einstein's formula, according to which the mean displace- of Einstein's 
ment of a particle in a given time depends only on the size of 
the particle and not on its chemical nature. Tiny metal 
globules and air bubbles should show the same degree of 
agitation if their sizes agree. The formula assumes the appli- 
cability of Stokes' law. Treating this assumption as justified 
by the measurements already described, a verification of the 
formula must be regarded as a vindication of the second pro- 
position contained in that equation — namely, that of the equi- 
partition of energy among the particles. 
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Two quantities require to be measured, namely the radius 
of the particles, and the mean square of the displacement in 
any definite direction in a given time. The former was deter- 
mined as in the preceding investigation. For the measure- 
ment of displacement, the direction chosen by Perrin was a 
horizontal one ; steady movement under the influence of gravity 
was thereby eliminated. The position of a selected granule 
was dotted in the camera lucida, the microscope being set 
vertical ; five readings were generally made on eacfi granule 
at equidistant intervals of half a minute. 

The measurements, made under various conditions, resulted 
in a satisfactory verification of the formula of Einstein. 
Thus on increasing the viscosity of the suspending liquid 
to five times by the addition of sugar, the displacement 
was reduced to the degree predicted. The law of variation 
with size was found to hold over a range of diameters from 
0-^fjL to 12/,«. Taking the mean square obtained from over 
bispiacement. 3,000 displacements, the value 71-5x10^^ was obtained 
forN. 

We see then that the two experimental estimates of N, the 
number of particles per gramme-molecule, estimates arrived 
at by radically independent methods, agree so closely as to be 
practically identical. We have indeed in Perrin's investiga- 
tions on the Brownian movement a remarkable confirmation 
of a brilliant suggestion. His daring work may well be re- 
garded as a triumph of experimental skill, and its outcome is 
an important contribution to our knowledge of some funda- 
mental natural constants. 

Rotatory 7. Broionian Movements of Rotation. — In the case of large 

Movements. spherical granules it is possible, owing to the presence of minute 
foreign inclusions, to observe persistent irregular movements of 
rotation, and even to measure their amoimt. Einstein has 
given a formula in this case too, and Perrin's measurements 
go far towards verifying the underlying assumption of the 
equality of the mean energies of rotation and of translation. 
Taking, for example, the case of spheres of mastic of diameter 
13^ in suspension in a solution of urea, the root-mean-square 
rotation per minute obtained from 200 angular measurements 
was ]4-5deg., whilst the value calculated from the formula 
is 14 deg. 



BROWNIAN M0VE2IENTH. 83 

8. Broglie and Ehrenhaft liave made experiments on dust ^''** 
particles electrically charged, obtaining data leading to an 
estimate of the charge carried. Here, owing to tlie small P^fermina- 
viscosity of the air in which the particles are suspended, the 
Brownian movement is much more violent than in a liquid. 

Broglie, using the ultramicroscope, registered photogTaphi- 
cally the displacement of particles of tobacco smoke in an 
interval of three to four seconds. The value of N being as- 
sumed, Einstein's formula was applied, and thus the radius of 
the particles was calculated to be 4-9 x 10^^ cm. The particles 
were next charged by the passage of X-rays or radium radiation 
through the glass walls of the containing vessel. Their be- 
haviour in the electric field applied between two parallel metal 
walls bounding the chamber showed that some of the particles 
were charged positively, others negatively, whilst the rest were 
neutral. The speed in unit field (electrostatic measure) was 
observed to be 27-5x10-^ cm. /sec. By Stokes' formula the 
charge c could be equated to dna^v. The first set of observa- 
tions supplied the value of a, the last set the va\ie of c ; whence 
the value c = 4-.5 X 10"^" E.S. was derived. In some experiments 
charges were obtained which were multiples of the above 
charge. The minimum value may be regarded as the charge 
of the electron. 

Ehrenhaft, working with metallic particles, obtained the 
value c = 4-6x 10-1° E.S. 
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CHAPTER VIII. 



THE PRESSUEE OP RADIATION. 

1. When, early in the seventeenth century, Kepler pointed Historical. 
to the pressure of sunlight as the possible cause of the deflec- 
tion of cometary tails away from the sun, he ofiered a suggee- 
tion that was quite reasonable on the corpuscular theory of 
light, which was then in vogue. Many efforts were made to put 
the corpuscular theory on a better footing by estabhshing 
experimentally the existence of a force of repulsion by light. 
De Mairan, the famous observer of the phenomena of auroras, 
for example, tried such experiments in or about 1754, but 
without success. Later, the failure of such efforts did duty as 
an argument against an " emission " theory. 

In 1873 Maxwell pointed out, as a deduction from his 
electromagnetic theory, that Hght waves should exert a pres- 
sure upon objects on which they fall, in amount equal to the 
energy density, or radiant energy in unit volume immediately 
in front of the point of incidence. A few years later BartoU 
deduced from entirely new considerations the existence of such 
a pressure, and started an idea which has proved very fruitful 
in the province of thermodynamic theory. Many years how- 
ever, were permitted to elapse before experimental proof of 
the reaUty of such forces was secured. Crookes' researches on 
the radiometer, between the years 1873 and 1877, had revealed 
the play of considerable forces on the movable vanes ; but, as 
Tait and others showed, these are only indirectly caused by 
the incident Hght, being the result of molecular bombardment 
by the surrounding gas on imequally heated surfaces. This 
molecular action may be, under certain conditions, thousands 
of times in excess of the pressure of the impinging light as 
calculated from the energy density. The radiometer efiect 
and the influence of convection currents together constitute 
a gas action which in the earlier experiments effectually barred 
the way to any demonstration of a light pressure. In 1900 
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Prof. Lebedew, of Moscow, aunounced that he had succeeded 
in isolating- and measuriug this force. Nichols and Hull, in 
America, v.juickly followed, securing a remarkable degree of 
observation with theory. Prof. Popiting, in this country, has 
conducted a series of beautiful experiments on the tangential 
forces due to obUque radiation. 

The existence of a radiation pressure has thus been firmly 
established. It would now appear that this result may be 
generahsed : that in wave motion of every description there is 
a pressure normal to the wave-front equal in value to the energy 
density. In the case of sound waves, Altberg, working in 
Lebedew's laljoratory, has quantitatively verified this ; and 
Prof. E. W. Wood has constructed a " wind-mill " driven by 
sovmd waves. 

To return to ether waves. The phenomenon under con- 
sideration has opeired up several avenues of progress. It is 
the foundation of a new and important branch of thermo- 
d}'namic theory — the thermodynamics of radiation — with which 
are associated the names of Bartoli, Boltzmann, Wien and 
others. It forms the basis of some very interesting astrono- 
mical applications, mainly at the hands of Arrhenius and 
Po}Titing. It leads to some considerations on the interaction 
of matter and ether which are of interest at the present moment 
when the foundations of the Newtoirian mechanics are in 
question and the " principle of relativity " is bidding for the 
scientific ear. 

IXTEEPEETATIOX OF RaDIATIOX PeESSUEE. 

2. The existence of a pressure is an obvious consequence of 
an emission (or corpuscular) method of propagation of energy. 
It is of interest to see how the pressure arises in wave propa- 
gation . 

Electromag- {'-■) Light, heat and electrical 'waves are, on IMaxwell's electro- 

netic Forces, magnetic theory, all of the same type. In the plane of the 
wave-front are tubes of electric and of magnetic force. Such 
tubes behave as though in a state of longitudinal tension, 
whilst they exert a lateral repulsion on adjacent tubes of the 
same sign. These lateral pressures are represented, in terms 
of the magnetic force H and the electric force F, by the well- 
known expressions i_iH-/8rt and KF-/8:r. They combine to 
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form a resultant pressure which is equal to the energy density 
in the medium. Maxwell (" Electricity and Magnetism," 
Vol. II.) deduces his radiation pressure from these considera- 
tions, and proceeds to a calculation of the pressure on a square 
foot of the earth's surface due to strong sunlight, the pressure 
assigned being the energy in 1 cubic foot. 

Sir J. J. Thomson regards the force, when the light is incident 
on a reflecting surface, in terms of the induced electric currents 
in the surface. A perfect reflector is a perfect conductor. The 
alternations of magnetic force' cause induced currents confined 
to the surface layer of the conductor. These currents are in 
direction "perpendicular to the tubes of magnetic force in the 
incident wave-front. The usual laws of mechanical force on a 
conductor carrying a current in a magnetic field will apply, and 
the conducting surface will be repelled. 

{ii.) Sound Waves. — If we consider a mass of air contained Sound 
in a cylinder in which fits a piston, it is easy to see that the 
confined air behaves very differently from an ordinary spiral 
spring. Even if the changes are at constant temperature, the 
application of Boyle's law shows that the increase of pressure 
for a given displacement of the piston inwards is appreciably 
greater than the decrease due to the same movement outwards. 
Still more must this be the case when the action is adiabatic ; 
when motion inwards causes a rise, motion outwards a fall, of 
temperature. Thus, in a sound wave in a gas, since the gas 
pressure rises a little more above the normal in the com- 
pression half-period than it falls below in the rarefaction half, 
there is clearly an average pressure forwards on any surface 
on which the sound falls. Lord Eayleigh has shown, in the 
case of isothermal change, the equality of the forward pressure 
to the energy density in the wave. 

{Hi.) Transverse Waves in an Elastic Solid. — Prof. Poynting Waves of 
has indicated a method of interpreting the forward pressure 
in the case where, for example, energy is being propagated 
along rotating steel shafting. During shear there is a force of 
compression along one axis of the shear and an equal force of 
tension along the second axis, which is perpendicular to the 
first. But these axes do not make equal angles on either side 
of the perpendicular to the planes of shear — i.e., with the 
direction of propagation of the shear. If e denotes the angle of 
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shear, one shear axis, that of compression, is turned by the 
amount e/2 nearer the normal ; the other, along which there is 
tension, is turned by the same amount away from the normal. 
The efiect is evidently to destroy the exact balance of these 
forces, yielding a slight excess of forward push over backward 
pull ; and this difference works out to be equal to the energy- 
density in the shafting. In the diagram (Fig. 34) ABCD repre- 
sents a section parallel to the direction of propagation. Particles 
at A and B are displaced to A' and B' in the plane of shear, 
whilst the disturbance is passing over the length AD. The com- 
pression axis DB' makes with DA the angle (45°— -j, while 

the axis of tension CA' makes the angle (45°+- ) with CB. 




Fig. 34. — Pkesstere akising in Sheab Waves. 

There is a resultant pressure in the plane through CD in the 
direction of propagation. 

The Enei^y (^^'•) Interpretation from the Energy Point of View. — Laxmor 

Standpoint. has applied the principle of the c )nservation of energy to the 
problem, thereby deriving very simply the magnitude of the 
radiation pressure. This proof, as Poynting has observed, 
holds for any type of radiation in which the energy density for 
a given ampUtude is proportional to the square of the 
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frequency. This relation, it will be noted, holds in the 
case of a single particle of matter moving with simple harmonic 
motion. 

The simplest case to examine is that of a plane-radiating 
surface emitting plane waves. The surface will experience a 
pressure of recoil of value equal to the energy density. This 
may be seen by supposing the surface to move with velocity 
denoted by v in the direction of propagation of the radiation. 
Let V denote the wave velocity. The efieot of the motion of 
the source is, in accordance with Doppler's principle, to raise the 
frequency of the emitted vibrations in the proportion V/(V— v). 
If, then, E denote the energy density when the source is at rest, 
the measure of this quantity when the source is mowng will 
be E . V^/(V— d)^- In one second the source will have moved 
forward a distance v, and the energy emitted per second per 
unit area will, therefore, be crowded into the volume (V— u) 
of the medium, the amount present being 

^■rTr r2(V-^)=E. 



(V— y)2' ' (Y-v) 

When the source is at rest the energy emitted per second is EV. 
The source thus emits more energy per second when moving 
than when it is at rest. This implies a back pressure, p, against 
the source, and we may write 

V^ Yv 

f Y—v V— w 

which, when 'y=0, becomes 7J=E. 

Experimental Work. 

3. Great as the influence of the existence of a light pressure 
is in extending theory, the order of magnitude of these forces 
is not such as to make them of sensible importance in terres- 
trial mechanics. The steps taken by the physicists already 
named in disentangling these forces from insistent disturbing 
effects, and submitting them to accurate measurement, are of 
a high order of interest. 

In the case of radiation falling normally on a surface which 
absorbs it completely, the pressure is equal to the energy per 
iinit volume of the incident radiation. When the surface is 
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totally reflecting, the energy density is doubled by the supers 
position of the reflected beam upon the incident one, and the 
pressure is correspondingly doubled. In the former case the 
pressure caused by full simlight at the earth's surface amounts 
to 0-59 milligrams per square metre (or 9-58 X 10"^ C.G-.S.) ; 
for a total reflector it therefore exceeds 1 milligram per square 
metre. Such is the order of the forces in question. By means 
of the arc an intensity of perhaps 20 or 40 times that of sun- 
light can be appUed. 

The methods adopted in the three series of measurements 
referred to agree in that the light forces were made to act upon 
delicate vanes set at the end of a horizontal arm, producing a 
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Fig. 35. — Suspended System (Lebedew,. 

couple which was opposed by the torsional control of a fine 
suspending fibre. 

Lebedew. 4. The arrangements- adopted by Lebedew are represented 
in Figs. 35, 36 and 37. 

Two pairs of circular discs of platinum 5 mm. in diameter 
were mounted, as shown in Fig. 35 (elevation), at the ends of 
two light rods, these rods being attached perpendicularly to 
the vertical glass rod HH. The system was suspended by a 
glass fibre, T, in a glass globe about 20 cm. in diameter. The 
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discs Pj, Qj^ have a thickness of 0-1 mm., and the lower pair, 
Pj, Qa, a thickness of 0-02 mm. P^ and Pj are polished on 
both sides, whilst Qj and Qj are electrolytically coated with 
platinum black, the depositing currents being maintained for 
times in proportion to the thickness of the plates. M is a 
mirror used in conjunction with a telescope and scale. The 
method of illumination of the discs is shown in Pig. 36. Radia- 
tion from an electric arc at S falls on a lens, and by the mirrors 
and a second lens may be made to converge on either side of 
the disc A at will, the mirror M being for this purpose capable 




Fio. 36. — Method oj? iLLUMiifATioN (Lebedew). 



of movement to a second position M', indicated by the dotted 
outline. 

In addition to the light pressure on the disc there arc the 
two forces constituting the gas action — namely, the radio- 
meter effect and that arising from convection currents. By 
the use of very thin discs of metal the radiometer action was 
very much reduced, since it depends on a difference of tem- 
perature between the two faces of the disc. It is always in the 
same direction as the light pressure ; but by comparing the 
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deflections obtained successively with the thick and thin discs 
it may be ehminated in the final calculations. 

The efiect of convection was very small, since the globe was 
exhausted of air to the utmost extent possible with a Sprengel 
mercury pump. The direction of the disturbing couple due 
to convection is, moreover, independent of the side of the disc 
on to which the beam is directed, the difference of temperature 
of the two faces being in this respect neghgible. The mean of 
deflections taken with the Ught first on one face, then on the 
other, is thus free from the convection effect. 

It is to be observed that the light pressure effect should, 
according to theory, be practically twice as great for the 
pohshed as for the black disc ; whilst the rise of temperature 



Fig. 37. — Caiorimetee (Lebedew). 

in the case of the black disc will be greater than for the polished 
one, ancj consequently the gas action greater. A comparison 
of the deflections in the two cases showed that the correction 
for gas action was satisfactorily small. 

The deflections obtained were reduced to the equivalent 
couples in the usual way, by observation of the times of vibra- 
tion of the suspended system before and after the addition of 
a known moment of inertia. 

The absolute measure of the intensity of radiation employed 
was obtained by a simple calorimetric apparatus (see Fig. 37). 
A plate D, containing an aperture of area equal to that of the 



THE PRESSURE OF RADIATION. 93 

discs, was placed in the globe so that the aperture coincided 
precisely with the position previou?ily occupied by a disc. 
Behind it was a small copper cube weighing 30 grammes, with 
one face C blackened. In a hole drilled in the cube was em- 
bedded the bulb of a thermometer, T, with a little mercury to 
ensure conducting contact. The rise of temperature in a given 
time was obtained when the light was directed on to the cube 
under the conditions of the main experiments. A simple calcu- 
lation supplied the required datum. Lebedew was finally able 
to announce the discovery of a pressure equal, within the hmits 
of error of experiment, to that predicted by Maxwell. 

5. Nichols and Hull's researches involved an exhaustive Nichols and 
examiaation of the nature of gas action. Experiments were Hull. 
made at various pressures of the air surrounding the suspended 
system. Whilst radiometer action becomes more pronounced 
as exhaustion proceeds, the effect of convection currents is on 
the other hand reduced. It is thus possible to pit these dis- 
turbing effects against one another. In the apparatus employed 
by Nichols and Hull a zero resultant effect was found to be 
most nearly secured when the pressure was about 16 mm. of 
mercury. 

The vanes on which the radiation was received were circular 
discs of thin glass silvered on one side, the silver film being 
polished on its outer side. 

The gas action is independent of the face of the disc on which 
the radiation first falls. The incident rays have already been 
sifted by the glass wdUs of the containing vessel, so that in the 
case where the radiation falls on the unsilvered face of the disc 
it is transmitted entirely by the glass, and falling on the silver 
film raises its temperature to the same extent as when the beam 
is directed first on the silvered face. Thus, when the incident 
beam meets the silvered face first, the light pressure and the 
shght outstanding radiometer action are in the same direction ; 
when the beam falls first on the unsilvered face the light pres- 
sure and the radiometer action are opposed. The con action 
effect is likewise independent of the direction of incidence. Gas 
action is therefore corrected for by taking the mean of the 
deflections within the Ught incident first on the one, then on 
the other face of the discs. 

The observations were " semi-ballistic " ; the radiation was 
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allowed to fall upon the vanes for a time (some six seconds) 
equal to one quarter tlie period of oscillation of the suspended 
system, and the throw was observed. The object of this pro- 
cedure was again to reduce the gas action, which takes a few 
minutes to develop fully. 

The authors appear to have secured agreement to within 
one per cent, between the light pressure measured and that 
deduced from the energy measurements. 

A very simple method was subsequently proposed, and 
carried out by Hull, with the object of eliminating the gas 
action. It consists in enclosing the vanes within airtight 
thin-walled glass cells, vane and cell being in rigid connection 
(see Fig. 38). The thin glass walls of the enclosure are practi- 
cally at the same temperature as the surrounding gas, since, 
as already explained, they do not absorb any of the incident 
radiation. Forces on the vanes are attended by equal reactions 
on the walls of the containing cells, so that the couple on the 
suspended system is nil. This device proved highly successful. 



O 

Fig. 38. — HtrcL's Suspension, 

The light repulsion was measurable at practically any pressure 
from that of the atmosphere downwards in the containing 
vessel. Gas action was reduced to two per cent, of the light 
pressure. With this arrangement the pressure due to hght 
may be comparatively easily demonstrated. 

poynting ^- Peoi'- Poynting has initiated a series of experiments 

suggested by a fresh point of view of the radiation pressure, 
that, namely, in which the radiation is regarded as a stream of 
momentum. Not only is energy carried by the undulating 
medium, but also momentum, the amount of the latter in unit 
volume being obtained by dividing the energy density by the 
velocity of propagation. When light is incident on matter, 
whatever momentum the light loses the matter gains, and 
vice versd- A simple analysis on the basis of the principle 
of the Conservation of Momentum shows that at total reflection, 
and at refraction, the light forces are normal to the surface for 
all angles of incidence. At reflection the surface is urged in 
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the direction of the incident light ; at refraction the force is in 
the opposite direction — a pull instead of a push — in the case 
■where the passage of the light is into the denser medium. 
When absorption takes place the tangential component of the 
light stream, as well as the normal component, is destroyed ; 
■wherefore the surface experiences a tangential force in addition 
to the normal one. 




FiQ. 39. — Demonstration of Tangential Fobcb (Poynting). 

These consequences have been verified by Prof. Poynting 
and Dr. Barlow. Two experiments due to them will be 
adduced. In the first, two discs of glass, one silvered (S) and 
the other blackened (B), were fixed vertically at the ends of a 
thin horizontal glass rod, the system being hung by a quartz 
fibre attached at 0, as shown in the diagram of Fig. 39. A 
beam A from a Nernst lamp was allowed to fall at an angle 
■of 45 deg., first on one disc then on the other. The arrangement 
is such that normal forces acting uniformly over the discs pro- 





PiQ. 40. — Demonstration of Forces at RErBAOTiNG Sueeaces 
(Poynting). 

■duce no couple on the system. Radiometric action is thus 
eliminated — a noteworthy advantage of this disposition of the 
■discs. Any torque observed is, therefore, a measure of the 
tangential forces acting. 

The deflection when the stream was directed on B was very 
much greater than when directed on S. In a particular experi- 
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ment the torque observed in the former case was 21 x 10~® 
cm. dyne, whilst the value calculated from the energy was 
22 X lO-"* cm. dyne. 

A second experiment, showing the effects at refraction, is 
indicated in the diagram (in plan) of Fig. 40. Two glass prisms, 
with refracting angle 34 deg., were mounted at opposite ends- 
of a glass arm 3 cm. long, the system being then hung from a 
quartz fibre attached at 0. A beam of light, ABCDEF, 
entered one prism at B, emerging at E from the second prism. 
The system turned in the direction shown by the arrow X. 
The forces acting have their points of appUcation at B and E, 
being normal to the surfaces, and of sign represented by the 
arrows P and Q. The order of magnitude of the deflections 
observed was as expected. 

7. Further additions to the list of beautiful experiments on 
the forces due to light might be made. Simple mention must 
suffice of a wonderful demonstration by Prof. Lebedew of the 
pressure on an absorbing gas, a consummation which could 
hardly have been thought possible in view of the small absorb- 
ing power and the tenuity of gases. 

In the next chapter will be put forward an account of the 
three lines of inqiury which take their origin in the fact of the- 
radiation pressure. 



CHAPTER IX. 



THE PRESSURE OF RADIATION {Continued). 

1. Though every transmission of energy by wave motion ia 
accompanied by a pressure on absorbing or reflecting bodies in 
its path, the interest of the subject lies practically entirely in 
the domain of ether waves. It has been observed how the 
existence of this pressure has been arrived at theoretically from 
three different points of view. Maxwell deduced it as a con- 
sequence of the lateral repulsion which lines of electric force 
exert on one another ; Bartoli rested it upon the Second Law of 
Thermodynamics ; whilst Larmor finds a basis for it in the 
principle of the conservation of energy. The labours of 
Lebedew, Nichols and Hull, and Poynting have furthermore 
placed it upon a secure experimental basis. The fact, or prin- 
ciple, of Radiation Pressure comes therefore with strong cre- 
dentials into the field of modern physics. No stronger, how- 
ever, than is needful ; for, like the aspiring young poHtician who 
directs his attack upon the lion of the opposing party, the prin- 
ciple has joined in a challenge of the fundamental axioms of 
dynamics, the Newtonian Laws of Motion. Its work on con- 
structive lines has been the creation of the Thermodynamics 
of Radiation. In regard to certain problems of cosmic physics, 
such as the phenomena of comets and meteorites and the solar 
corona, this force promises, if not completely to solve old 
questions, at least to contribute decisively towards their com- 
plete explanation. 

The THEKiioDYNA^nos of Radiation. 

2. This branch of the subject of Heat depends upon tlie idea 
of radiant energy as the " working substance " of a heat engine. 
Enclosed in the model cylinder with tightly fitting frictionless 
piston, radiant energy exerts a pressure on the enclosing walls. 
A diminution of volume implies work done on the radiant 

E.P.K. H 
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energy, and vice versa. Proceeding by the method of the 
Carnot cycle, laws have been derived bearing on the connection 
between radiation and temperature, and on the distribution 
of energy in the spectrum of a hot body. 
Bartoli's It will be interesting to recall the reasoning by which at the 

Argument, outset Bartoli showed the necessity for postulating a radiation 
pressure. He imagines a cylinder whose sides are totally 
reieoting, whilst the ends are closed by discs of fully absorbing 
material, kept at constant, though different, temperatures (see 
Fig. 41). Near the end A (at the higher temperature) is a totally 
reflecting, tightly fitting slide, q, which can be pushed in so as 
to cut ofE A from the cylinder below, or drawn out so as to 

A (Higher temperatnre) 




B (Iiowcr tcmperttore) 

Fig. 41. — Baetoli's Ideal Engine. 

estabhsh free communication. A piston of totally reflecting 
material, p, in which is a valve, is also provided. We have thus 
at command a mechanism for pumping heat energy from B to A. 
For suppose q closed, and -p in its lowest position, close to B, the 
valve being open. The space between p and q is filled with 
black-body radiation of quantity and quahty corresponding 
to the temperature of B. Close the valve, open q, and move 
the piston up to q. The radiant energy is thus swept into and 
absorbed by A : q may now be pushed in, the valve in p opened, 
and f moved down to B, comjileting the cycle. Clearly an 
imhmited quantity of heat may thus be transferred from the 
cold body to the hot one. This, by the second law of thermo- 
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dynamics, implies tlie expenditure of work; and this is only 
possible if the radiation that is swept forward presses back on 
the advancing piston. 

3. To perform the isothermal and adiabatic transformations The Black 
of the Carnot cycle two kinds of enclosing wall are needed to our rui/|iad-a. 
working chamber. For the isothermal operation the walls rnust tor. 
be of conducting and absorbing material ; for the adiabatic 
■operation they must be capable of totally reflecting radiation 
of all wave-lengths. In the first case the enclosed radiation 
will be in equilibrium with the walls of the enclosure, depending 
in quality and in quantity only upon the temperature of those 
walls. This principle, which is due to Balfour Stewart and 
Kirchhofi, is of fundamental importance. It implies that the 
radiation falling upon (or proceeding from) any part of the walls 
is precisely the same in every respect as that which would be 
emitted at the same temperature by the same area of surface 
of a material possessing the power of completely absorbing 
ether radiations of every type, transmitting none and reflecting 
none. Such a body has been termed a " black body." At any 
given temperature such a body will emit radiations of all wave- 
lengths from zero to infinity. The amoimt of energy radiated 
between the wave-lengths A and k+d?, may be written edL The 
value of e will depend upon the value of 2, rising from zero for 
zero wave-length, up to a maximum, and falling again to zero 
at the other extremity of the scale. No material can possess, 
at any particular wave-length, a greater value of e than does our 
black body. As the temperature rises, e rises throughout the 
whole range of wave-length, until the amount of energy radiated 
within the limits of the visible spectrum is sufiicient to cause 
the body to glow. The general term " black body " is there- 
fore being discarded in favour of the more appropriate alter- 
native " full radiator." 

No material surface has been found having full radiating 
power. The colour of bodies as seen in sunlight is of course 
immediate evidence of the existence of selective radiating 
power, and even a thick coat of lampblack or of platinum black 
falls short by two or three per cent, (to an extent, however, 
depending on the wave-length) of the emissive power of the full 
radiator. The property of the isothermal enclosure permits, 
happily, of the practical attainment of this desideratum. If 

H2 
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a small hole be made in the wall of the enclosure, the radiation 
escaping thereby will evidently be the full radiation correspond- 
ing to the temperature of the enclosure. This idea, suggested 
by Kirchhofi, was first put in practice by Wien and Lummer in 
1895. 

The Stefan- 4. Boltzmann worked out in 1884 the consequence of 

Boltzmann submitting full radiation to a Carnot cycle. The result that 
emerged was the law of variation of the rate of total 
radiation of a full radiator in proportion to the fourth 
power of the absolute temperature. This law had already 
been assigned by Stefan from an examination of purely experi- 
mental numbers, and he supposed the law to apply to all 
bodies. It is now known from observation that this is not 
strictly the case, the divergence being greater the further 
removed the body is from the full radiator. For bright 
platinum the variation is more nearly as the fifth power of the 
temperature. 

Wien's Laws. 5. Two other laws, due to Wien, relate to the distribution 
of energy in the spectrum of a full radiator. They were 
deduced by considering the behaviour of radiant energy 
during an adiabatic change of volume, that is, when the energy 
is enclosed by totally reflecting walls. As the volume is 
diminished the energy density rises, not only because the 
amoimt of energy present to begin with is compressed within 
a smaller space, but further because of the work spent in over- 
coming the radiation pressure, which work is transformed into 
the equivalent amount of radiant energy. If the radiation 
taken is full radiation, it remains lull radiation throughout the 
change. Thus during contraction the temperature rises, its 
value altering inversely as the linear dimensions of the enclo- 
sure — that is, for a spherical enclosure, inversely as the radius. 
The efEect on each wave-length may be followed by operating 
with monochromatic radiation. As the sample taken is 
adiabatically compressed, the wave-length diminishes. Wien 
deduced this by the application of Doppler's principle— a 
principle which is very familiar in regard to sound vibrations, 
as well as in its application to the displacement of the lines of 
stellar spectra arising from motion in the line of sight. Clearly 
light incident on the approaching walls of the contracting. 
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totally reflecting enclosure will return with wave-length short- 
ened, and the calculation shows that the change is in the same 
proportion as that of the linear dimensions of the enclosure : 
the energy density of the monochromatic radiation at the same 
time alters as the inverse fourth power of the linear dimensions. 
Collecting these results in equational form we have, if r= radius 
(for spherical enclosure), 6= absolute temperature, e= ordinate 
of spectral energy curve, E= total energy density : — For full 
radiation 

E oc e*, (a) 

e ex 1/r ; (6) 

and for monochromatic radiation (the radiation between nar- 
row limits X and ?, + dX), 

lex r, ..(c) 

edl<xl/r* (d) 

The last two results may be applied to each element of full 
radiation. In a totally reflecting enclosure there will be no 
interchange of energy between the different wave-lengths, the 
changes for any particular element of radiant energy being 
independent of the presence of other elements in the same space. 
By conducting an adiabatic operation it is thus possible to 
observe the density of full radiation and the temperature vary 
together; and confining attention to one particular wave- 
length, to follow the way in which at the same time the wave- 
length alters. The law of the operation is summed up in the 
equation, obtained by combining (a), (b), (c) and (d), 

e=c,6Ym, (A) 

/■(AS) being a function of the product of 2. and 6 which the theory 
■does not further define ; whilst Cj is an absolute constant. 
This equation tells us that if energy curves be drawn with e as 
■ordinate, W as abscissa, the curves have, for any given value 
of the abscissa, ordinates proportional to the fifth power of the 
absolute temperature. If the spectral energy curve — that is, 
the curve of distribution of energy with wave length — is known 
for full radiation at any one temperature, it is therefore known 
for all temperatures. Again, it is clear that the value of IB for 
which e is a masdmum is the same whatever the temperature. 



102 



RECENT PHYSICAL BESEARGH. 



Denoting this wave-length by A„j, and the corresponding vahie 
of e by e^, we thus have 

e =constantx9*, (I-) 

2^9= constant (II.) 

These practical consequences of (A) are Wien's Laws of Eadia- 
tion. They apply, like the Stefan-Boltzmann law, to full 
radiation only. 

Experimental 6. Turning to the experimental side, spectral energy curves 
connrmation. j^^^^ ^^e^n obtained by Lummer and Pringsheim, and by Paschen 




1 2 3 4 5 fn X 

Fig. 42. — Spectbal Energy Cubves of Full Radiation, 
(Lummer and Pringsheim.) 



and others, at various temperatures up to the limit of range of 
the gas thermometer ; the source being a constant tempera- 
ture enclosure with small opening, electrical heating being 
employed. 

These curves are in extremely good agreement with Wien's 
two laws, and with the Stefan-Boltzmann law. Lummer and 
Pringsheim's curves are reproduced in Fig. 42. From this 
figure Fig. 43 has been constructed, showing that the maximum, 
value of e occurs for the same value of Xd at all values of Q. 
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From their numbers the values of the constants may be ob- 
tained, and we may write 

;J = 29.30 ^;j;;0\.en slaws) 

also 

E=jhU. = '^9*=l-71 xAO-^W . . . (III.) 

(the Stefan-Boltzmann law), 

X being expressed in microns (/( = !()-■* mm.), and r in ergs per 
cubic centimetre ; whilst v denotes the velocity of light. The 
numbe)' taken for o- is Kurlbaum's value. 

7. For the purposes of high toiipcrolure measurement we have -j ujg|, 70™. 
here three methods at disposal, each le.adiny to temperature on peratures. 

1.50 




2,000 4.000 6,(j0j 

Fig. 43. — e As a Function of \ii. 



\d 



the absolute thermodynamic scale. The gas thermometer 
does this important service with great accuracy up to l,200°C. 
Tlie formulffi of the resistance pyrometer or the thermo-electric 
couple are merely empirical, and their use beyond the limit 
named depends on the vicious method of extrapolation. If, how- 
ever, we are able to measure c^^^, or A,„ , or E, the laws of radiation 
permit of the determination of temperatures however elevated. 
The proviso that these laws only hold for a full radiator 
causes, it must be said, a distinct hmitation in their practical 
application. Heated surfaces do not behave as full radiators, 



104 SECENT PHYSICAL BESEARGH. 

and our ideal constant temperature enclosure is not always 
available. Bodies do not even behave as " gray " bodies, 
with emissive powers in constant proportion, at all wave- 
lengths, to those of the full radiator. In other words, bodies 
radiate selectively. Even lampblack and platinum black are 
not excluded from this category. 

A metal — for example, bright platinum — would be expected 
to show considerable selective properties. If r denote the 
reflective power, the emissive power will be 1 — r. Now r varies 
considerably with X, being practically unity for the extreme 
infra-red waves, as far as, say, l=\Qfj,, but falling off con- 
siderably as one passes to shorter wave-lengths. For the experi- 
mental data in the case of metals, interesting besides as 
showing the connection between reflecting power and electrical 
conductivity, we are largely indebted to the researches of 
Rubens and Hagen. 

Owing to the above considerations the published determina- 
tions of the temperature of incandescent carbon and metal 
filaments, and of flames and incandescent gas-mantles, are to 
be accepted with much reserve. 
Ths Perfect Again the legitimate appUcation of the laws of radiation to 

Receiver. temperature measurement requires that the receiver of the 
radiation should behave as a perfect absorber. It has been 
generally taken for granted that a thick coating of lampblack 
or platinum black satisfies this requirement. In some cases 
the bolometer employed has been placed at the centre of a 
polished sphere, thereby securing the return of the radiation 
initially reflected. The constant temperature enclosure with 
small aperture to admit the radiation satisfies the required 
condition practically perfectly. Fcry, to whom we are in- 
debted for perhaps the most satisfactory ty^jC of radiation pyro- 
meter, employed a hollow cone forming part of a sensitive 
alcohol thermometer, the radiation being received on the 
blackened inner surface. Some of the results of his work are 
of much interest, though their accuracy has been challenged. 
He states that the best platinum black reflects 18 per cent, of 
the incident radiation from a full radiator at 100"C. He pro- 
poses in place of Kurlbaum's value 5-32 x 10^^ ergs per second 
per cm. 2 for a- in the Stefan-Boltzmann formula the much higher 
value 6-30 x 10-^ ("Comptes Rendus," April, 1909). The deter- 
mination of this constant has since been undertaken by several 
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other workers, from whose results it may be concluded that pro- 
bably Kurlbaum's value is low, though not to the extent indi- 
cated by Fery's number. 

The receiver used by Keene (" Proc. E. S." Jan., 1913) shows 
a distinct advance over that of Fery. It is represented in Fig. 44. 
It consists of an aniline thermometer, the bulb having double 
iSpherical walls of thin copper. The capacity is about 2 litres. 



Fig. 44 — A 

Perfect Absokbbb 

(Keene). 




the bore of the stem being 1 mm. Eadiation passes through 
an aperture A about 2 cm.^ in area and falls on the interior 
lampblacked surface of the bulb. In order to reduce error due 
to direct reflection the portion of the surface opposite to the 
-aperture is shaped in the form of a cone. To prevent direct 
radiation througa the aniline from the inner surface an inter- 
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Planck's 
Formula. 



mediate shell of copper is also provided. The sensibility is such 
that 1 mm. rise of the meniscus corresponds to a rise of tempera- 
ture of 0-0005°C. Water-cooled screens should be employed as 
usual to hmit the radiation received strictly to the aperture at A. 

8. With regard to the exact form of the spectral energy curves 
it will be observed that, as expressed in equation (A), this 
remains inderterminate, since f{Xd) is not elucidated. Several 
attempts have been made to solve this important outstanding 



--e''^''", whilst Planck has 
Cj being a constant in 



Quality and 
Effjciency of 
Light Sources. 



problem. Wien has obtained /(/0) 
proposed the formula f(^G)=-;r-p;^ — .- 

each case. These formulse have proved of great value. Wien's 
formula agrees closely with experiment provided A is not too 
large, whilst Planck's formula appears to hold very closely over 
the whole range studied. 

Both formula depend however on special assumptions as to- 
the nature of the radiating molecule, and cannot be regarded as 
possessing the same degree of authority as the laws previously 
cited. 

9. The laws of Wien throw light on the directions in which 
we must look for more efficient sources of illumination. The 
eye has adapted itself to the sun's light, whose quahty is 
approximately that of the perfect black body. The maximum 
in the spectral energy curve — of course after passage through 
our atmosphere — is at 0-5/bi,, and this is the region of maximum 
sensibility of the human eye. The ideal artificial source should 
copy the spectral energy curve of sunlight. Wien's Second 
Law tells us that a black body source would do this if its 
temperature were about 6,000°C. The following table gives 
approximately some temperatures attained in practice : — 





Temperature. 


Flame of Arctand lamt) 


1,500°C. 




1,650°C. 


Incandescent carbon Hlament 


1,800°C. 




1,S70°C. 


Incandescent tungsten filament 


2,100°C. 




2,300°C 




2,400°C. 




(over) 3,000°C 




3,600°C. 







THE PRESSURE OF RADIATION. 107 

Most of tlie above are employed as sources of lieht, and in Temperature 

Radiation 

every instance we have to deal with temperature radiation : the 

ordinates in the spectral energy curve falling below those of a 
black body at the same temperature, whilst with increasing 
temperature the energy-maximum moves to the side of shorter 
wave-iength. The radiant efl&ciency, that is, the ratio of the 
energy emitted within the limits of the visible spectrum to 
the total energy radiated, is a function of temperature. In 
the case of the ideal black body the efficiency so defined is 
less than 2 per cent, at l,8o6°C. ; at 6,000°C. it is 49-7 
per cent., whilst above that it diminishes as the energy- 
maximum is carried towards the violet end of the spectrum. 
From the point of view of efficiency thus defined, metals and 
certain other substances may possess an advantage over the 
black body. The merits of the tungsten filament lamp are due 
not only to the high temperature at which it can be run, but to 
the fact that in accordance with its metallic character the energy 
emitted at the long wave-lengths is very feeble. The same causes 
probably account for the efficiency of the Welsbach mantle. 
For the same amount of energy supphed, the temperature of the 
source in both these cases is above that of the black-body fila- 
ment or mantle. Thus a thermocouple placed in a Bunsen flame 
is found to record a higher temperature if covered with the 
Welsbach mixture than if uncoated or blackened. The selective 
radiator has a great economic advantage as a source of light. 

From the table it appears that a superior " limelight " might 
be expected by the use of the oxy-acetylene flame playing upon 
a refractory surface, say, of magnesia (which can support a 
temperature as high as 3,000°C. without melting). 

The ordinary carbon arc, in which the light is due mainly to 
the incandescent positive carbon, owes its superiority to the 
great lead in temperature that it holds over any other terres- 
trial source of light. This temperature of 3,600°C. , independent 
of the strength of the electric current passed, appears to be 
the boiling point of carbon, which at ordinary pressure 
evaporates without melting. 

In the phenomenon of luminescence we have the possibility Lumines- 
of far greater efficiencies of transformation of energy into tence. 
visible radiation. A stick of phosphorus in air, or Balmain's 
luminous paint after exposure to sunlight, are luminous at 
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-ordinary temperature. The glowing gas in tlie vacuum tube 
through which the electric discharge is passing is at a compara- 
tively low temperature ; and in contrast to temperature 
radiation the spectrum consists of lines, which do not shift 
their position as the intensity of the exciting current is 
increased. Gases or vapours may conceivably exist for which 
the spectral lines lie wholly or mainly within the visible region. 
Up to the present the practical sources of light depending 
■on electro-luminescence are the nitrogen tube (Moore), the 
mercury arc, the flame (calciima) arc, and the titanium arc. 
The efficiencies, in the sense of candle-power per watt, are very 
Jiigh in the cases of the two last named ; being about 4 for the 
calcium-fed arc, whereas in the most efficient incandescent 
filament lamp, the tungsten lamp, it is only 1 candle per watt. 
In regard to quality, on the other hand, there is no reason to 
«xpect from luminescent sources any near approach to the 
spectral energy curve of sunlight. In the mercury arc, 
with its few green and blue lines, the failure is palpable. The 
flame arc, in which one electrode at least consists of carbon im- 
pregnated with calcium salts, is orange yellow in colour. In 
the so-called magnetite arc (with its negative electrode of 
magnetic oxide of iron to serve as the conductor, with which is 
mixed the oxide or carbide of titanium), the spectrum, that of 
titanium, consists of a very great number of lines close 
together, and the emitted light may fairly be described as 
white. This last-described arc is as yet comparatively unknown 
in this country, whilst the calcium flame arc is in wide use. 

The Inteeaction of Bthee and Matter. 



Are Newton's 
Laws of 
Motion 



10. This question has long attracted the attention of physi- 
cists, and has been the subject of some famous experiments ; for 
Strictly True? instance, those of Fizeau, and Sir OUver Lodge, and Michelson 
and Morley. The pressure of radiation is a positive example 
of such interaction. Consider a conducting ball, one hemi- 
sphere of which is blackened, the other bright. Let it 
contain some source of thermal energy, such as an electric 
battery on closed circuit, which maintains the temperature oi 
the surface of the ball at some definite value. The blackened 
half will radiate more energy than the polished half. The 
reaction on the former side will therefore be greater than on the 
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latter, and the sphere will move ofE with acceleration, polished 
side foremost. How do Newton's Laws I. and III. apply to 
this ? We cannot say that a corresponding equal but opposite 
force will be manifested on some other material body in the 
region round. There is none necessarily present. The prin- 
ciple of the conservation of momentum will be satisfied if we 
assume the ether itself to stream away in the opposite direction. 
In doing this we are invoking the interaction of ether and matter, 
the ether being taken to possess inertia like ordinary matter. 

Or take another example, posed by Po3mting in his memoir- 
"Radiation in the Solar System" : namely, the case of two 
equal spheres at the same temperature, and subj ect only to the 
forces arising from their own radiation pressure and their 
mutual gravitational attraction. Since the repulsive effect of 
one sphere on the other depends on the product of their cross- 
sectional areas, whilst the gravitational pull is proportional to 
their masses — that is, to the sixth power of the radius^t is 
evident that for a sufficiently small size of sphere the radiation 
pressure, comparatively insignificant for very large spheres, 
may be made to balance the gravitational pull. This will occur- 
for a diameter of 40 cm., assuming the density to be that of 
water, the temperature to be 27°C., and the spheres to be full 
radiators. If now the temperature of one sphere A be raised, 
that of the other B lowered by a corresponding amount, then 
the balance of forces is destroyed. Both B and A will set off 
with the same acceleration, A chasing B ! 

Even though we have only one body with perfectly uniform 
surface and at one temperature throughout, the emission of 
radiation brings into play an unbalanced force, if the body is in 
motion with respect to the ether. The Doppler emission effect 
will come into action, causing a heaping up of energy in front, 
a thinning out behind; with a consequent excess of back pressure 
on the advancing side, this excess being proportional to the- 
velocity of the body. The body will therefore slow down. In 
the cases of the accelerating bodies previously considered the 
acceleration will fall off and a certain limiting speed will be 
attained, just as for a falling raindrop. 

Confining our observation, as we must in practice, to sensible 
material bodies — ^ignoring, that is, a massive ether — the break- 
down in the Laws of Motion is unescapable ; for, as we have 
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seen, the existence of the radiation pressure, whether in action 
or reaction, is an experimental fact. 

Variability of H- One may recall similar conclusions which have been 
Mass. arrived at from a different point of view, bearing on th» 

possible variability of mass of. a body. The moving electron 
increases in mass with increase of speed. For slow speeds this 
effect is inappreciable, being, at the rate of the earth's move- 
ment round the sun, about one part in 100 millions, whilst at a 
speed one-tenth the speed of light the increase is still under 
1 per cent. The rate of increase beyond this point however 
becomes very large, tending to infinity as the speed of light is 
approached. 

Again, the effective mass of an atom may depend not 
only on the number of electrons it contains, but on their 
configuration. As the energy of the atom diminishes, it has 
been supposed that the mass of associated ether diminishes 
too. If this attached ether is not subject to gravity, a differ- 
ence ia the ratio of mass to weight may be expected in the cases, 
say, of radium and its probable parent uranium, since the 
amount of energy lost by the latter in passing iato the former 
is very considerable. Simple pendulums of the same length 
would then vibrate in periods depending on the nature of the 
material of the bob. Such is the line of reasoning taken by 
Sir J. J. Thomson, whose experiments however have not as yet 
shown any difierences. If, on the other hand, the associated 
ether is subject to gravitation just like ordinary matter, loss of 
weight should take place as the result of intense chemical inter- 
action in closed vessels, and this might be put in evidence by 
th« chemical balance. So far as experiments in this direction 
have gone, the results are likewise inconclusive. 

Now a change in mass involves the breakdown of Newton's 
Second Law of Motion. It appears then that whilst in the 
case of the single negative electron this change does occur, no 
evidence of it is yet available in the case of matter, the atoms 
of which, according to modern views, contain electrons in 
numbers of the order of their atomic weights. 



Astronomical Applications. 
Effect on 12. The pressure of sunlight constitutes a repulsive force 

which, as we have seen, is insignificant except in the case of 



Meteorites. 
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small bodies. This efiect has been considered in application to 
the fine dust of which the tails of comets are probably com- 
posed ; also to the larger particles constituting meteorites. 

Prof. Poyiiting's calculations as regards meteoritic stones are 
very suggestive. The repulsive action of sunlight may by its 
cumulative effect seriously modify the motion of such bodies. 
Imagine a swarm of meteorites, of various sizes, moving in a 
circular orbit about the sun. If at distance r, and moving 
with speed v, the gravitational acceleration on one of the par- 
ticles of the swarm will be equal to «-/r. But if we take the 
light push into account, the acceleration for the same value of 
r is less ; that is, v is less, and this amounts to an increase in 
the period of revolution. As this effect takes place to an extent 
increasing as the body becomes smaller, a sorting action results, 
the smaller particles lagging behind the larger, so that ulti- 
mately a ring will be formed. It is even possible that the 
rings of Saturn may have been thus evolved. 

Again, if the orbit is an elliptical one, there will be a steady 
tendency towards a circular one, due to the Doppler effect. 
Motion nearer to the focus will be resisted, likewise motion 
away ; so that the body tends to move everyivhere perpen- 
dicular to the line joining the body to the sun — in other words, 
to possess a circular orbit. 

A third effect is due to the quasi-viscous resistance acting 
. in the line of the body's motion, as already explained. Hence 
the body slowly falls a victim to the solar gravitational pull. 
Steadily it spirals inwards, quicker the smaller its size, the 
period of revolution becoming progressively less. Particles of 
1 cm. diameter will reach the sun (from a distance equal to 
that of the earth) in 90 million years ; if a thousandth of that 
size, in a thousandth of the time. Bncke's comet is well Imown 
for the steadily diminishing interval between its successive 
returns ; and En eke regarded this fact as evidence of the 
presence of a resisting medium increasing in density towards 
the sun. This celestial object may ultimately prove to be 
shortening its period in obedience to light forces. 

13. The calculations have a new interest when the particles 
are very much smaller, such as compose, at all events partially. Comets, 
the " coma " of a comet. Lebedew was one of the first to 
suggest the pressure of sunlight as the cause of the well-known 
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deflection of the comet's tail away from the svm. His diagram 
is here reproduced (Fig. 45). S denotes the sun at the focus of 
the ellipse OE which represents the path of the nucleus under 
gravitational forces only. Both the gravitational pull and 
the light pressure due to the sun follow the law of the 
inverse square. The resultant acceleration thus follows the 
same law, its value falling ofi the smaller the diameter of the 
particle, and also the smaller their density. ORi, ORj, &c., 
represent the orbits of successively smaller particles originally 
together at 0. The line OL represents the path of particles 
for which the two forces exactly balance. 

The region to the right of OL is of considerable interest. 
Olbers' calculations of a century ago showed that cometary 
matter was repelled from the nucleus with a force much more 




Fig. 45. — Movement of Cometaey Pabticles (Letedew.) 

powerful than the opposing attractive force of solar gravity. 
Bredichin has classified comets' tails on the basis of the ratio 
between the repulsive and the attractive force. In one class 
the solar attraction is only partially neutralised. At the other 
extremity of the scale he places some comets for which the 
repulsion exceeds the attraction 19 times. Still higher ratios 
have since been observed — for example, 40-5 in the case of 
Swift's comet. Arrhenius has shown that radiation is capable 
of furnishing ratios as high as this. 

Far higher ratios, apparently beyond the power of radiation' 
pressure to produce, have been calculated by Eddington as 
occurring in the envelope existing on the sunny side of the 
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nucleus. These numbers, however, depend upon the use of 
the " fountain " theory of formation of the envelope, and this 
theory is perhaps hardly yet out of the region of mere surmise. 
Arrhenius' calculations showed that in order for repulsion to 
exceed attraction the particles must be very small, with dia- 
meters of the order of l/,« and under. Over a certain range the 
ratio of repulsive to attractive force increases inversely as the 
diameter of the particle. A limit to this law of variation is 
reached when the size of the particle becomes comparable with 
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Fig. 46. — Vabiation or Light-Eepitlsion with size of Pabtiole. 
(Sohwarzchild.) 

the wave-length of maximum energy in the sun's spectrum.. 
Diffraction efiects then come in. The particles no longer 
absorb or reflect in prop3rtion to their sectional area. Sohwarz- 
child has corrected for this effect. His results are shown la 
Fig. 46 ; the material being taken of the density of water, and 
totally reflecting. At a diameter of 1-5/^ the two forces balance. 

K.P.S. I 
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At 0-16/^ (circumference equal to wave-leiigtli) the ratio is at 
its maximum value of 19. There is a balance once more at 
Q-Qf)fi, or one-tenth X ; and for particles smaller than this 
gravity once more preponderates. The maximum ratio of 19 
wiU be reduced to 9-5 if the particle is composed of completely 
absorbing material. Arrhenius gives reasons for supposing 
the presence of particles with a density as low as 0-1, in which 
case the ratio may rise to 40 or more. These high ratios corre- 
spond to the nearly straight tails pointing from the sun, which 
consist of particles streaming away at high speeds from the 
nucleus — on their way out of the solar system altogether, 
imder the extreme repulsive influence of the solar rays. 



CHAPTER X. 



SHOKT ELECTEIC WAVES AND LONG HEAT WAVES. 

1. It is just over 30 years ago since Langley commenced his Historical 
great research on the infra-red solar spectrum. At that Outline. 
time the spectrum appeared to be limited on the side of greater 
wave-lengths by a band at X=l/j,. Such was the moderate 
degree of success achieved since 1800, when Herschel showed 
by the simple heating effect that the solar spectrum extends, 
on the side of the red, beyond the visual range. Langley Langley. 
greatly improved the sensibility of the receiver of radiation by 
the invention of the bolometer. He introduced accuracy into 
the determination of wave-lengths by the use of a reflecting 
diffraction grating, designed of short focus in order to produce 
a " hot spectrum." He avoided absorption in his spectro- 
scope by the use of a train of rock salt lenses and prisms ; re- 
polishing surfaces, sometimes after only a few hours' use, to 
overcome the rapid deteriorating efiect of moisture. One 
result of his work was an accurate map of the spectrum as far 
as 5-3m, and an extension of the known range to 15/«, or possibly 
further. 

It was in 1887, when Langley's researches were practically 
completed, that. Hertz made his discovery of electric waves. 
It is hardly necessary to emphasise the immense significance 
of this event. Clerk Maxwell had early in the previous decade 
enunciated his theory that light and heat consist of electro- 
magnetic waves. The waves of Hertz, produced by direct 
electrical means, had a wave-length of not less than some 
60 cms. In succession Lodge, Eighi, Lebedew, Lampa, and 
Chunder Bose reduced the wave-length of the rays emitted 
by the electrical oscillator down to a limit of 4 mm. By the 
use of these short waves the verification of the analogy of 
behaviour of these rays and visible rays, begun by Hertz, was 
carried into greater detail ; the existence of the more recondite 
phenomena, such as double refraction in crystals and rotatory 

I 2 
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polarisation, was established. The whole range of wave- 
lengths, from infinity down to a few millimetres, had been 
annexed to the domain of ether waves. 

2. Much work remained to be done to unify the subject. 
Maxwell's theory involved the correlation of the electrical and 
optical properties of bodies. It is a far cry from waves evident 
to the eye (A =0-4/^ to O-S^a) to waves of a centimetre in length ; 
from frequencies of billions per second to those of millions per 
second, and from those downwards to the all-important limit- 
ing case of steady electric fields, under which electrical con- 
ductivities and dielectric constants are measured. The work 
of Prof. Heinrich Rubens, of Berlin, has served splendidly in 
bridging the gap referred to, and in solving outstanding pro- 
blems of the Maxwellian theory. Langley replaced the Melloni 
thermopile by the much more sensitive and swiftly working 
bolometer : Rubens, on the other hand, has taken up and 
improved the thermopile, producing a linear type which pos- 
sesses qualities equal, or, under appropriate conditions, even 
Superior to those of the bolometer. He has worked out a 
method of generating homogeneous infra-red radiation of great 
wave-length (" reststrahlen " or " residual rays ") by utilising 
the property of selective metallic reflection possessed by certain 
crystalline bodies. Cbmparatively recently (1911) , in conjunction 
with Prof. R. W. Wood, he has developed another method — ^that 
of focal isolation — whereby a fairly homogeneous radiation of 
approximately | mm. wave-length has been obtained, These 
researches of Rubens cover a period of close on 20 years, and are 
actively in progress at the present moment. His recently 
published results show no signs of diminished value or interest. 

With regard to radiation on the immediate ultra-violet side of 
the visible spectrum, the range known is not very large. Great 
difficulties are encountered owing to absorption by the media 
employed. Quartz prisms begin to absorb strongly at 0-18/^. 
With fluorite it is possible to go as far as 0-12^. By the use 
of the concave reflecting grating, Lyman has succeeded in 
getting up to 0-103^. At these short wave-lengths, the source 
of the radiation and the optical apparatus have to be enclosed 
in vacuo, since beyond 0-2^ the air itself becomes opaque. 

Thus at present the range of etheric waves is from A=0-1 ^ to 
X= a, with an unbridged gap of nearly four octaves extending 
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from A=Jmm. to 2=4 mm. This is best represented dia- 
grammatically in octaves according to the method employed 
by Guillaume in 1899. The diagram of Fig. 47 is drawn to 
represent the known spectrum up to the end of 1911. 

A remarkable series of researches dates from June, 1912, 
when Laue, Fried-rich and Knipping announced the observation 
of interference phenomena in the case of the reflection of X-rays 
by crystals. The experiments, continued by W. H. and W. L. 
Bragg, C. G. Barkla and others, point to the existence not 
only of a continuous spectrum over a wide range, but of homo- 
geneous radiations of considerable intensity, in fact of spectral 
lines. The wave-length of these homogeneous radiations is of the 
order 10'^ to 10"^ cm. The uniform arrangement of molecules 
in a crystal furnishes a space diffraction grating of the requisite 
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dimensions for sifting out waves of such short wave-lengths. 
The phenomena have an added value in that they appear 
likely to open a supply of information of the greatest value 
in regard to the spacial arrangement of molecules in crystals. 

The Work of Eubbns. 



3. Maxwell singled out two relationships which follow from Two Conse- 
the electromagnetic theory of Ught. The first is that the square flusnces of 
of the refractive index for infinite wave-length is equal to the '"'**®' * 



specific inductive capacity K, or 



Theory. 



(1) 
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The second connects the transparency of a body with its 
electrical conductivity. Perfect conductors should be perfect 
reflectors of radiation, and consequently opaque. The theory 
is best expressed in Drude's equation — 

_ 36-5 

(100-E)VK=-;j, ..... (2) 

E denoting the percentage of reflected light of wave-length A 
(microns) ; and K the electrical conductivity, measured as the 
reciprocal of the resistance of a column of 1 sq. mm. cross- 
section and 1 metre length. Thus (100— E) denotes the 
intensity of the radiation that penetrates into the substance ; 
and the electromagnetic theory states that this is, for a given 
wave-length, inversely proportional to the square root of the 
electrical conductivity. 

These two relations can be tested by the data of experi- 
ment. It is well to bear in mind the manner in which Maxwell 
himself regarded them. In respect of the former he selected 
the case of paraiSn wax, the only substance for which the 
dielectric constant was at that time accurately known. He 
remarked that that value of n must be selected which corre- 
sponds to waves of the longest periods, as K is only determined 
by very slow processes ; and extrapolating (formula not stated) 
for n^ from the value of n of melted paraffin for visible rays, 
arrived at the number 2-02 for n^^ ; which is not greatly diffe- 
rent from the value 1-975 found for K. But he remarked 
that " our theories of the structure of bodies must be much 
improved before we can deduce their optical from their elec- 
trical properties." As regards the opacity of metals. Maxwell 
noted the greater transparency of gold foil than according to 
calculation, so far as this calculation was possible with the data 
then available, and commented again on the desirability of a 
greater knowledge of molecular structure. Here we have the 
key to much of the work undertaken by Eubens. He set 
before himself the problem of investigating the dispersion — 
that is, the relation between refractive index and wave-length 
— of as great a number of bodies as possible. This involved 
the extension of the range of the spectrum on the infra-red side, 
and, moreover, the production of homogeneous long-waved 
radiations of sufficient intensity to allow their properties to 
be ascertained. 
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Since the time of Maxwell the electron has emerged, and won 
an outstanding position in electrical theory. In it we have to 
a large extent that knowledge of molecular structure whose 
desirability Maxwell foresaw. 

Below is given some account of the valuable additions to 
our knowledge which have been contributed by Rubens, and of 
their relation to electromagnetic theory. 

4. Measurements of Disfersion. — The passage of radiation Rubens' Tests 
through any substance is affected by the presence of the con- ^^'*' ^ '' 
tained electrons. These may be bound to the molecules, any 
displacement being accompanied by a restoring force increasing 
with the displacement ; or they may be able to move freely 
in the interstices of the substance. In insulating media the 
electrons are almost entirely of the former class ; in metals the 
free electrons predominate, though not to the entire exclusion 
of the others. The problem of the effect on the body of an 
alternating electric force is similar to that of forced %'ibrations 
in a mechanical system, and the resulting relation between 
the refractive index and the wave-length is expressed in the 
Ketteler-Helmholtz dispersion formula 

Here X^, Aj, &c., represent the wave-lengths corresponding to 
the natural periods of the bound electrons, .whose existence 
gives rise to the presence of absorption bands in the trans- 
mission spectrum ; 6, Mj, Mj, &c., are constants depending on 
the substance. When the wave-length A of the incident , -.' 

radiation is very great compared with Ai, &c., all terms of the 

M 

form j2 — j-g vanish, and we have w ^ = &^, so that by (1) &^ should 

be equal to K, the dielectric constant. It is clear, therefore, 
that to deduce K by the aid of equation (3) it is necessary to 
know all the free periods for the region of the spectnun in 
which n can be determined. Neglecting more distant free 
periods that may exist, the general formula may be simplified, 
without much sacrifice of accuracy, so as to contain only one 
or two terms beyond the constant 6^. 

The case of the ordinary ray in quartz was investigated with 



Mi= 0-0106 


Ai= 0-lQ6ju (ultra-violet) 


M2= 44-224 


^2= 8-84/^ (infra-red), 


M3=713-55 


^3=20-75^ (infia-ired). 
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great care, and found to be -well represented by taking three 
terms. The constants were as follows : — 



62=4-578 



The dielectric constant of quartz is found by experiment to 
be 4-58, which agrees remarkably well with h^. 

In many other cases, including sylvine, flint glass, carbon 
bisulphide, and benzene, the agreement between K and the 
value of W obtained by taking account of only two free periods 
is extremely good. 

The case of water is of almost classic interest. The refractive 
index for sodium light is 1-33, the square of which is 1-78 ; the 
dielectric constant is 80. The inequality between these 
numbers is no small one : on the resonance theory its removal 
involves the presence of absorption bands in the infra-red — 
which would correspond with the well-known athermancy of 
water to dark heat rays. Even at A =82-3/* Eubens finds 
the refractive index of water to be no greater than 1-41. 
For electric waves of 5 cm. length, however, the refracting power 
has fully attained the high value corresponding with w2=K 
{see Table III.). The transition appears to occur within the 
now comparatively narrow band of unexplored radiation 
separating the " heat " and " electrical " rays. 

Production ol 5. Methods of Production of Homogeneous Infra-red Rays. — 
Rays! (*•) ^y 'Setewe Reflection. — The values of A,, Aj, &c., in the 

1. Selective dispersion formula represent the wave-lengths for which 
ReRection. resonance occurs, A very considerable fraction of the incident 
light of these wave-lengths is reflected. This fact of selective 
reflection by crystiUine bodies, so great as to resemble metallic 
reflection, has been seized by Rubens and appUed with very 
fruitful results. By mak'ng use of reflection at three or four 
polished plane surfaces in succession the proportion of the 
selectively reflected rays remaining is still great, whilst the 
intensity of all other radiations is reduced practically to anni- 
hilation. The wave-length of the residual rays may be deter- 
mined by the aid of the difiraction grating ; or, better still, by 
the interferometer, which is found to require a less intense 
beam than the grating. These purified rays are of sufficient 



SHOUT ELECTRIC' WAVES AND LONG HEAT WAVES. 12L 

intensity to allow of the study of their properties. The 
number of substances found suitable for their production is 
continually increasing, and now includes quartz (8-84/i), 
fluorite (244/*), rock salt (51-2/t), sylvine (634/<), potassium 
toromide (82-3/t), and potassium iodide (964/t). 

(ii.) By Focal Isolation. — In 1911 Rubens, in conjunction 
-with R. W. Wood, published an account of a successful attempt 
at extending the known infra-red spectrum by a new method 
involving selective refraction through quartz lenses. The 
iresulting rays practically form a narrow band in the spectrum, 
which, with an incandescent Welsbach mantle as source, was 
found to be at lOS/u ; whilst with a quartz mercury lamp the 
hand was at Sli/j,. 



2. Focal 
Isolation, 




Fro. 48. — FoCAi, Isoi-Ation ojt Ineka-Rbd Kays. (Rubens and Wood.) 



The mode of separation of the long from the short waves 
will be seen with the aid of the diagram of Fig. 48. A disc D 
of black paper, an inch in diameter, stops all transmission 
through the central portion of the lens. The shorter waves 
which the lamp emits, of refractive index 1-43 to 1-53, occupy 
the reg'on whose I'.mits are represented in the upper half of the 
diagram by Oab and Oa'b'. These fail to pass through the aper- 
ture in the screen E. Now quartz strongly absorbs the longer 
waves within the range of refractive index 1-5 to 2-14. For 
still greater wave-lengths the refractive index rises to a maxi- 
mum of 2-19, after which it falls to the limiting value of 2-14. 
These long waves, being more strongly refracted, pass through 
the aperture, as shown by the bounding rays OA'B', OAB in 
the lower half of figure. They then fall on a second and 



122 RECENT PHYSICAL RESEARCH. 

similar lens (not shown), which serves to complete the separa- 
tion, and to condense the rajre on the measuring instrument, 
which was a radiomicrometer. Practically no waves shorter 
than 80/* succeed in getting through. The energy curve is 
found to rise rapidly on the side of shorter wave-lengths, 
showing a maximum intensity at 108/t, and falling off more 
slowly towards the greater wave-lengths. Thus, by taking 
advantage of the law of dispersion and the selective absorptive 
power of quartz, rays approximately homogeneous, of wave- 
length 108/*, were obtained. 

It seemed hopeless, in view of the fact that the intensity of 
the radiation emitted by purely therm^al radiators falls off 
inversely as the fourth power of wave-length, to expect to 
extend the spectrum further whilst employing such sources. 
Rubens and Baeyer therefore had recourse to electro-lumin- 
escence, replacing the incandescent Welsbach mantle by the 
quartz mercury lamp ; and succeeded in producing rays of 
wave-length 314/e, or 0-314 mm. These are the longest heat 
rays hitherto produced. 

Rubens' 6. Optical Properties and Electrical Conductivity. — Rubens' 

Tests of^ work in reconciling observation with the demands of theory 
has met with remarkable success in regard to the relations 
between reflective power and electrical conductivity. Pheno- 
mena such as the great transparency of gold-foil to green light 
involve, on the electronic hypothesis, the presence in the metal 
not only of the free electrons which account for its conductivity, 
but of electrons bound to atoms and possessing natural periods 
of vibration. Drude's equation (2) is built up on the assump- 
tion of the presence of the former only. Rubens has tested 
its applicability to metals by experiments made with residual 
rays, from which it would appear that for wave-lengths 
greater than 4/t the disturbing effect of bound electrons rapidly 
falls off. The emissive powers of thirty-seven metals or alloys 
were determined, with reference to a black body as standard, 
for the radiation of wave-length 25-5/* separated by successive 
reflections from fluorite. The values obtained in the case of 
pure metals are shown in Table I. 

The high value for aluminium is attributable to the difficulty 
of freeing the surface from oxide. The case of bismuth forms 
a genuine exception, to be classed with its abnormal behaviour 



Eqn. (2), 
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Table I. — Emissive Power and Electrical Condiictivity \=25-5m. 



Metal. 


Vk. 


Emissive 

power 
(100-R). 


(100-R) . VK. 


Silver :.... 


6-26 
5-70 
5-21 
4-52 
319 
2-86 
2-44 
2-29 
2-24 
211 
0-957 


113 
117 
1-56 
1-97 
2-27 
2-55 
2-82 
3-20 
3-27 
3-58 
7.fifi 


7-07 


CoDDer 


6-67 


Gold 


8-10 




8-91 


Zinc 


7-24 


Cadmium 


7-29 




6-88 


Nickel 


7-33 


Tin 


7-32 




7-53 


Mercury 


7-33 




0-716 1 2R-fi 


18-3 











The numbers in the last column should, accdrding to (2), be constant, 
supposing the effect of bound electrons to be negligible. 



in regard to the Hall efiect, and to variation of resistance 

in a magnetic field ; all being connected, in Eubens' view, 

with the crystalline structure of the metal. The mean value of 

(100— R)-v/K for the remainder comes to 7-27, which agrees 

36-5 
remarkably with the theoretical value =7-23. The ques- 

tion of the verification of Maxwell's theory as regards good 
conductors may well be regarded as closed. 

The case of electrolytes is interesting. Whereas their elec- 
trical conductivity is comparatively great, many aqueous salt 
solutions are practically transparent to visible radiations. 
This is explicable by the complete absence of free electrons, 
and of natural free periods agreeing with those of light. 
For the long infra-red, as well as for electric waves, the same 
solutions are practically opaque. It is interesting to compare 
with this the behaviour of iron under the iafluence of alter- 
nating magnetic force. The ultimate particles of iron are able 
to. respond to alternations of magnetic force of millions per 
second, but fail to do so in the case of the far more rapid 
alternations (of billions per sec.) which occur in light ; so that 
for the latter, iron, like other substances, possesses a permea- 
bility which is practically unity. 
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Resonance. 



Polarisation 
by Wire 
Gratings. 



7. Resonators and Polarising Gratings for Heat Waves. — 
There is space for only the briefest reference to Rubens' inte- 
resting experiments on these points. The facts of elec:trlcal 
resonance, first discovered by Hertz, are now very familiar in 
their application to wireless telegraphy. On the electromag- 
netic theory, infra-red rays should produce an exactly similar 
resonance. The resonators must be of smaller dimensions, but 
for the longer infra-red waves the difficulties of construction 
are not insuperable. Rubens constructed a series of resonators 
by ruhng two sets of lines, at right angles to each other, on a 
silvered glass plate. The silver was thus cut up into a large 
number of equal parallel linear resonators.- A number of plates 
were prepared, the length of resonator being different in each. 
Plane-polarised rays, of wave-length 25ju, were allowed to fall 
on each plate in turn, the plane of polarisation being perpen- 
dicular to the length of the resonators. The fraction of radia- 
tion transmitted should, in accordance with the conditions of 
production of stationary vibrations, be least when the silver 
strips have a length which is an even multiple of a quarter 
wave-length, greatest when the length is an odd multiple. 
The results obtained showed a rise and fall in the fraction of 
light transmitted, according to length of strip, which, if not 
exactly as expected, was sufficiently satisfactory to establish 
the existence of the effect in question. 

The polarising effect of wire gratings on infra-red rays has 
been clearly demonstrated. Gratings of uniformly spaced 
parallel wires stop electric waves when the electric force is 
parallel to the wires, allowing considerable transmission when 
the electric vector is perpendicular. In the general case there- 
fore the effect of the grating is to split the incident beam into 
two, one reflected and the other transmitted, with planes of 
polarisation mutually perpendicular. The distinction be- 
tween a polarising grating and a diffraction grating, it should 
be pointed out, depends on the ratio of width of grating space 
to wave-length. If the ratio is large, the apparatus behaves 
as a diffracting instrument ; if small, thfe diffracting effect loses 
as the polarising effect gains in importance. 

Gratings of wire of various metals — silver, copper, &c. — 
were constructed with space widths from 10^ to GQju. With 
visual rays the polarisation observed in the central (undiffracted) 
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image was small, and, moreover, not of the character shown by 
electric waves — Hertzian polarisation, as it may be termed, 
was absent. As the wave-length increased, the fraction of the 
transmitted light polarised in the plane of the wires was foimd 
to increase more and more ; and in the case of the longest Waves 
(314/*) the Hertzian polarisation for the above gratings was 
complete. Rubens, indeed, states that a wire grating is a 
much more complete and convenient polariser for long infra- 
red rays than the usual reflecting surface. With a grating of 
quartz threads no such eSects were found. 

In accordance with the connection between absorptive and 
emissive powers, it follows that a conducting grating, if heated, 
should emit plane polarised radiation, just as does a heated 
tourmaline. Rubens obtained a specially woven Auer mantle, 
with strands in one direction only, and succeeded in showing 
that the long infra-red rays emitted by it at incandescence 
were distinctly polarised, the plane of polarisation being 
perpendicular to the strands. 

8. The Reflecting and Absorbing Powers of Substances for 
Infra-red Waves. — The longest heat waves (314^) of Rubens 
are distant only three and a half octaves from the shortest 
electric waves (4,000^, whilst they are removed nine octaves 
from red light. Their properties in regard to absorption, 
reflection and refraction are often nearer those of Hertzian 
than of visual rays. Table II. summarises Rubens' results for 
some important substances whose behaviour as regards electric 
waves and visual rays is well known ; the transmissibility for 
electric waves being, in fact, fairly high in all the cases shown, 
with the exception of water. 



Absorption 
of Extreme 
Infra-red 
Radiations. 



Table H. — Transparep.cy of Bodies for tiong Infra-red Radiations. 



Substance. 


Thickness 
of plate 
(mm.). 


Percentage transmitted. 


X=108m. 


X=314m. 




30 

0-4 

0-18 

0-055 

0-038 

Oil 

0-38 


57-0 
39-0 

2-1 
16-6 
20-0 
33-5 

2-1 


85-5 




65-3 


Qlass 


25-9 




55-0 


Water 


39-8 




79-0 




36-7 
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The great transparency of lampblack for these long waves is 
also of interest. Fibns of smoke so thick that the sun could 
not be seen through them were found to transmit 0-5 per cent, 
at 2^, 16 per cent, at 6^, 76 per cent, at 26^, 91-5 per cent, 
at 108/.«. For very long waves Rubens and Wood coated the 
surface of their receiving thermo-couples with a thin film of 
water-glass in place of the usual smoke film, and found the 
sensibility to be decidedly increased thereby. 



Waves. 



Letedew. 



Experiments on Short Elbcteic Waves. 

Production of 9- The productionof extremely long electric waves, hundreds 
Short Electric of feet in length, is a matter to-day of engineering practice. 
The waves which Hertz largely confined his attention to had 
a wave-length of 60 cm. By reduction of the size of oscillator 
shorter waves may be generated, but on account of technical 
difficulties a practical limit appears to be reached at a wave- 
length of about half a centimetre. Righi experimented with 
waves 2-5 cm. long. Lebedew succeeded in obtaining waves 
of 6 mm. length ; and Lampa, with a similar oscillator, reduced 
the value to 4 mm. Bose, in this country, worked with waves 
down to 6 mm. length. The difiSculties of exact measurements 
of absorption, &c., appear to be great in the cafee of the shortest 
waves. 

Lebedew's oscillator consisted of two platinum rods, ss, 
1-3 mm. long and | mm. thick, separated by a distance of 
002 mm., and immersed in paraffin oil. The platinum rods 
were sealed at the ends of glass tubes, the charges being con- 
veyed by the wires ww, separated by air-gaps from ss. The 
receiver consisted of two platinum rods 3 mm. long, the heating 
effect in which actuated a thermo-couple connected to a 
delicate galvanometer. Amongst many demonstrations of 
the analogy of behaviour of his rays (2=6 mm.) and visible 
rays was the discovery of the double refraction of crystalline 
sulphur, the principal indices being measured at 2-25 and 2-00, 
which agree well with the values 2-18 and 1-95 obtained 
by taking the square root of Boltzmann's values for the specific 
inductive capacities in the same directions. 

Lampa's receiver was a coherer. The waves used were of 
lengths 4, 6 and 8 mm. respectively. He noted the greatly 
reduced sensibility of the coherer for the 4 mm. waves. His 
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most interesting measurements were on tlie refractive indices 
of water and alcohol, the method of deviation by a prism being 
employed. In the case of water the angle of the prism had to 
be limited to 4 deg., owing to its great absorbing power ; for 
absolute alcohol a refracting angle of 16J deg. was employed. 
His results are quoted in Table III. 

Bose worked with waves from 0-6 up to- 2-5 cm. in length, 
produced by an oscillator of the Lodge type. Using, for 
example, a central (insulated) platinum sphere of 7-8 mm. 
diameter, separated by air-gaps each 0-6 mm. from two plati- 
num beads of 3 mm. diameter, waves of 1-85 cm. length were 
obtained. The receiver was a coherer consisting of a row of 
spiral springs in contact, placed in circuit with a dead-beat 



Bose. 



s s 



^OOc^ L^3>S.i/ 



Eighi 
A= 2-5 cms. 


A= 0-6 cms. 1 1 




5 
Bose 
A =0-6 cms. 


Fig. 49.- 


— Shoet Electbic Wave Tbansmitteer. 



galvanometer. He employed a cylindrical difiraction grating 
for his wave-length determinations. This he constructed 
with strips of tinfoil 3 cm. wide separated by spaces of equal 
value, the strips being pasted on a thin sheet of ebonite. The 
measurements appear to possess considerable accuracy. He 
found the refractive index of crown glass, by measurements of 
the critical angle, to be 2-04. 

Reference may here be made to Cole's experiments on the 
velocity of wire-guided electric waves, of lengths 250 cm. to 
600 cm., through air, water and alcohol respectively, whence 
the refractive indices of alcohol and water were found. Experi- 
ments with waves of 5 cm. length were also made, the refractive 
index being deduced in this case from the reflecting power by 
application of Fresnel's formula. 
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10. Values of the refractive indices of water and alcohol 
for various wave-lengths are collected in Table 111. It appears, 
that the discrepancy between w^ and K steadily disappears in 
the case of alcohol as the wave-length increases. The case of 
water is curious. The limiting value ria. appears to be practically 
attained at A=5 cm., whereas at A=82^ the refractive index 
is only sUghtly greater than the value for light rays. Accord- 
ing to the experiments of Baeyer and Wood the behaviour of 
water in regard to waves of length A=314^ indicates that th4 
refractive index is still on the low side. The intervening values j 
apparently, remain to be found in just the narrow spectral 
region as yet unexplored. 
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CHAPTER XL 



FREE ELECTRONS IN METALS. 

1. When Sir J. J. Thomson in 1897 measured the ratio of charge The 
to mass in the case of the negatively electrified, particles con- ^'*'"'*'''" 
stituting the cathode rays, the mystery of the " fourth state of 
matter " was well in process of elucidation. A year or two 
later the value of the charge was shown to be the same as that 
carried by each hydrogen atom in the electrolysis of water. 
The evaluation of the mass of the particle was thus made 
possible. This mass turned out to be the smallest ever ob- 
served, being only about one-seventeen-hundredth part of the 
mass of an atom of hydrogen. Now an electric charge pos- 
sesses inertia in virtue of its charge, and there is strong experi- 
mental evidence in support of the view that the mass of the 
cathode ray particle is wholly due to the charge. The diameter 
of the particle, on this basis, is about 10~^^ cm., exceedingly 
small compared with the corresponding quantity (10~* cm.) for 
the atom. Such particles are met with also in connection with 
phenomena outside the vacuum tube. In every case they 
appear to be of one kind, no matter what chemical substance 
they are drawn from. The value of the charge as given 
originally by Prof. Thomson is 34 x 10"^" electrostatic units, 
though recent determinations point to a higher value of about 
4-65 X 10"^" E.S. For these negative imitswhich enter into the 
composition of all atoms the term electron is here used. 

The conception of the electron was speedily applied to explain 
various phenomena, not only electrical but also thermal, and 
even optical, occurring in metals. 

2. Riecke an d Drude assumed the presence in metals of charged Ions in 
particles of several kinds, capable of travelling from one point ■"*»'*• 
to another of a metal under an applied electric force. Sir J. J. 
Thomson showed that the same results could be deduced 
without postulating any mobile charged particle save the 
electron. The smallest positive charge obtainable is associated 
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with the atom, and though inter-difiusion of two metals in 
contact (in the solid state) has been observed, there is no 
evidence of the transport of matter in the conduction of elec- 
tricity through metals, though this effect, has often been looked 
for. Great gain in simplicity is secured by postulating only 
one moving charge, namely th* ekctron, and this view is >now 
commonly adopted. 
Free 3. Electrons may occur bound to the positive residue of the 

atom, as in insulators ; or free, in the sense of being practically 
out of range of other charges of either sign. The former mani- 
fest their presence in metals to a slight extent, accounting for 
selective transmission and reflection of light, as in gold leaf. 
They move in atomic orbits, and are specially susceptible to 
the influence of light waves of their own natural period. The 
free electrons wander in the interstices between the atoms, with 
which they are continually in colUsion. Preciseness is given 
to the notion by the assumption, advanced both by Drude and 
Thomson, that their movements of translation are exactly 
similar to those of the particles of a perfect gas, and that 
the mean kinetic energy of translation of an electron is the 
same as that of a gas molecule at the temperature of the metal. 
This quantity of energy is proportional to the absolute tempera- 
ture 6, and is generally denoted by aS ; a being a universal 
constant, which has recently been extended to embrace mole- 
cules in the liquid and soHd states. On the basis, then, that 
Imv^ is to be the same for the electron as for a gas molecule, we 
may calculate the value of v the root mean square value of the 
velocity of the free electron. In the case of hydrogen the 
velocity at 0°C. is 1-7 X 10^ cms. per sec, therefore the speed of 
the electron at 0°C. is to be taken as 58 times as great, say 
10' cms. per sec. 

The number present per unit volume would appear not to 
vary greatly from one metal to another, and to be about equal 
to the number of atoms. Now the number of atoms per c.c. 
in silver is estimated at 7-3x10^^. As hydrogen at standard 
temperature and pressure is estimated to have 3-15x10^* 
molecules per c.c, we see that the pressure due to the electrons 
in silver should be of the order 2,300 atmospheres. 

The constitution of the metal may be pictured as in the 
diagram opposite, in which the large discs represent atoms, 
the small ones electrons. We have to imagine minute particles 
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of electricity possessing inertia, moving in the spaces of an 
open network of atoms, in various directions and with various 
speeds, and sometimes breaking through the surface into the 
region outside. 

With the aid of this conception of the free electron it is 
possible to unify such diverse phenomena as electrical con- 
■<Juction, conduction of heat, and the emission of radiant heat 
aind light. 

i. Electric Conduction in a Metal. — When an electric force 
or potential gradient is applied to a metal, the free electrons will 
■drift in the direction opposite (their charge being negative) to 
that of the applied field. If u be the speed of drift, n the 
number of free electrons per c.c, e the electronic charge, the 
current-density will be i=neu. The value of u may be found 
in terms of the electric force X, the mean speed v of the elec- 
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trons at the temperature of the metal, the mean free path A of 
the electron between successive collisions with atoms, and e 
and m. Assuming, as we may, that the change of speed of the 
electron due to the electric field is small compared with v, we 
have t=^/v for the interval of time between two collisions. 
The force acting on the electron in its free path is eX, and its 

eX • ■ 

acceleration is therefore — At the end of the time t its 
m 
eX . . ,eX 

velocity is -^ . t, therefore the mean velocity is ^-^ . t, 
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thus proportional to X ; which expresses Ohm's law. The 
electric conductivity is defined by the equation i=o- . X. 
Therefore 

<T= . . (electrical conductivity) . . (1) 

The product nX is the only variable part of this expression at 
any particular temperature. The difierence in conductivity 
between one metal and another is thus to be attributed to 
differences in n or A or both. Now considerations based on the 
Peltier effect lead to the conclusion that the values of n do not 
differ greatly from one metal to another, so that on the present, 
view the differences in conductivity depend mainly on diffe- 
rences in the electronic mean free paths. 

As regards the effect of temperature, we have v x 6^; and the 
Thomson effect leads to the conclusion that n varies very nearly 
as 6i. Now since for a pure metal o- is found experimentally 
to be inversely proportional to d, it follows that A varies 
inversely as d. Here we encounter one of the difficulties in the 
way of the theory of free electrons. For if X is determined by 
the mean distance apart of the atoms of the metal, it would 
appear as though it should vary only very slowly with change 
of temperature, at a rate in fact equal to the coefficient of 
linear expansion. Possibly, it has been suggested, the mean 
free path is determined by the size of a cluster of atoms, such 
clusters going in their turn to the building-up of the crystals 
of which metals are composed. These clusters must be supposed, 
to break up with temperature in the rapid manner required. 

Joule's law of heating may be readily deduced. The heat 
developed is the sum of the increments of kinetic energy ac- 
quired by the electrons during their free-path motion in the 
electric field, and this can be shown to be i^/o- per unit volume. 

The small conducting power of the salts of a metal is attri- 
butable to the small number of free electrons present. For 
the metal being electro-positive has parted with one or more 
electrons to the electro-negative radical ; its power of parting 
with another electron is thus effectively reduced. 

Thtrmal _ 5. Thermal CondwAivity and, its Relation to Electrical Con- 

d/udivity. — Let us consider a rod of metal hotter at one end 



than the other. According to our theory the distribution of 
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free electrons and their mean velocity will show the same 
variations from section to section as in an equal column of gas 
heated in the same manner. The number crossing any section 
from the hot side to the cold will be the same as from the cold 
side to the hot side, the greater mean speed on the hot side being 
just compensated by the greater number per unit volume on 
the cold side. There will be no electric current, in other words. 
But the kinetic energy transferred over the section from hot 
to cold will exceed that passing in the reverse direction. The 
heat-crossing unit area under unit temperature gradient will 
thus be given by the same expression that applies to a gas, 
namely, 

i= J nha . , (thermal conductivity), . (2) 

Attributing the transfer of heat entirely to the movement of 
electrons, the thermal conductivity of the metal will be denoted 
by k in the above formula. At any chosen temperature it 
appears on this supposition that the value of the thermal con- 
ductivity is determined by the product nX, just as in the case 
of the electrical conductivity. Taking the ratio of the two con- 
ductivities, we have 

^4i.e (3) 

o- 3 e^ 

As a and e aie constants, this means that at any chosen 
temperature the ratio of the thermal to the electrical conduc- 
tivity is independent of the nature of the metal ; and, further- 
more, that the ratio varies exactly in proportion to the absolute 
temperature. The ratio a/e may easily be calculated without 
any of the uncertainty that attaches to the determination of 
«ifter a or e by itself. Its value is 12,800 ; hence at 0°C. we 
get /(;/cr=6-3 X IQi" in absolute measure. The agreement 
between theory and experiment, though far from exact, is yet 
remarkable, and serves, on the whole, as a signal vindication of 
the theory. Researches, particularly those of Jager and 
Diesselhorst between 18°C. and 100°C., and of Lees over the 
range- 1T0°C. to -F30°C., afford ample evidence of this. To 
choose a few examples from the results obtained by Prof. Lees : 
the ratio of the conductivities at 0°C. is for copper 6-28, for 
aluminium 5-70, for silver 6-36, each number to be multiplied 
by 10^". In the case of alloys the ratio is distinctly higher 
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(10-3 X 10^" for manganin at 0°C.) ; but for sucli combinations 
there may enter thermoelectric effects such as Lord Eayleigh 
has suggested, which would call for a supplementing of the- 
theory. 

Wiedemann and Franz had, over half a century ago, and 
Forbes even earlier, enunciated as an empirical law the equality 
of the ratio of the thermal and electrical conductivities of 
all metals. They imagined this ratio, however, to be also 
independent of temperature. It is of historical interest to 
recall the many experiments made with a view of demon- 
strating the anticipated variation of thermal conductivity in 
accordance with the well-known law of variation of the elec- 
trical conductivity ; and to observe what contradictory resuto 
were obtained, sometimes a negative temperature coefficient, 
sometimes a positive coe£B.cient, being suggested by experi- 
ments on the same metal. Prof. Lees' experiments over the 
wide range of 200°C. show how small comparatively the changes 
really are. Most pure metals show a slight fall of thermal con- 
ductivity with rise of temperature. For copper, over the full 
range mentioned, the fall is 18 per cent. ; for silver 3 per cent. 
In the case of alloys there is generally an increase of conduc- 
tivity with increase of temperature, the change being much 
larger than for pure metals. 

It may be remarked here that such divergencies from theory 
as those quoted will be met with in all phenomena in the 
domain of the electron theory as applied to metals, whenever 
the strict quantitative test is applied. The phenomena are not 
as simple as this theory indicates. 

The question arises of the reasonableness of neglecting the- 
part played by the atjoms themselves in the conduction of he^t. 
That the atoms, or molecules, do contribute to some extent is. 
shown by the fact that when the number of free electrons is 
negligibly small, as in insulators, the thermal conductivity is 
quite measurable. The values show, however, how small a 
share is taken as a rule by the atoms. The thermal con- 
ductivity of paraffin wax, for example, is only about one- 
seventeen-hundredth that of copper.. On the other hand we 
have cases such as quartz, an electrical insulator of the highest 
class, of which the thermal conductivity along the optic axis is. 
0-029, a value exceeding that of some metals. 
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6. The Emission of Electrons from Metals. — The conception Electronic 
of a metal as an open network in the meshes of which electrons Emission. 
flit to and fro prepares one for the fact that under various 
circumstances electrons are emitted by metals. 

The phenomenon of radio-activity is one whose explanation 
lies outside the. present considerations ; the rate of emission of 
electrons, or |3-rays as they are in this case termed, being, so 
far as is known, quite independent of temperature or any 
other physical condition. 

Electrons are also emitted by metals under the influence of 
light, of cathode-rays, of a-rays, of 7-rays, and of X-rays. 
Whether the efiect is on the free electron in these cases is 
perhaps more than doubtful. There is an alternative explana- 
tion, namely, in the explosion of a molecule in which there is 
an electronic orbit. If energy be imparted to the molecule by 
one of the above-mentioned agents, it is conceivable that the 
velocity of the revolving electron might rise to a point which 
would force it to break loose from its orbit. If so, the velocity 
of the escaping electron might be expected to be, for any par- 
ticular metal, independent of the intensity of the incident 
radiation, though difierent for different metals. Experimental 
data are, however, not conclusively in favour of the explosion 
theory. In the case of the photo-electric efiect, the velocity 
of the emitted electrons is about 5x 10' cms./sec, and appears 
to be independent of the nature of the metal ; it is also inde- 
pendent of the intensity of thfe radiation,- but increases as the 
wave-length of the latter decreases. With X-rays the 
velocity is 7 x 10' cms./sec, varying but little from one metal 
to another, though distinctly dependent on the hardness of the 
rays. The secondary cathode-rays due to the incidence of 
j/-rays leave with the great speed of 2-6 x W cms./sec, a value 
again apparently independent of the nature of the metal. In 
the case of these agents the power of ejection may be attri- 
buted to the electric force associated with them — for all 
three agree in being transverse electromagnetic disturbances 
in the ether. In harmony with this theoretical inference 
is the fact that electrons are only ejected when the con- 
ditions are such that the electric force in the incident beam 
has a considerable component perpendicular to the surface 
of the metal. Thus in the case of light, as Elster and 
Geitel have shown, the efiect is very small when the plane 
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of polarisation coincides with the plane of incidence ; and 
when these planes are perpendicular to one another the 
photo-electric effect is almost vanishingly small for angles 
of incidence approaching zero on the one side or a right angle 
on the other, reaching a maximum at an angle of incidence 
of about 60°. 

No doubt holds, however, as to the effect of high temperature 
fberinions. on the free electrons in a metal. Some of these particles near 
the surface will possess, in accordance with the law of distri- 
bution of velocities in a gas, a speed sufficient to carry them 
through the bounding surface of the metal into the surrounding 
space. But this escape of electrons, unlike the escape of gas 
molecules, means the escape of electricity, the metal being thus 
left positively charged. The loss of electrons in an insulated 
conductor would soon cease owing to the opposing electric 
force thereby created at the surface of the metal. Even when 
the metal is uninsulated the escaping electron has to overcome 
the attractive force of the opposite so-called induced charge;- 
and in order to escape must do an amount of work against the 
electric attraction. With rise of temperature the number 
emitted per second per unit area should rapidly increase. 
Theory assigns the formula „ 

i=aneie~^ '(3) 

for the quantity of negative electricity leaving the metal per 
unit area in one second : a and /3 being constants ; and 
w the work required to drag an electron out of the metal ; 
Lhe other quantities being as previously defined. This is 
the value of the current intensity obtainable from the metal 
when an electrode is placed opposite, and a P.D. appHed 
between the opposed surfaces sufficient to drive across the 
intervening space all the electrons emitted. The experiments 
of 0. W. Richardson show very good agreement of observation 
with theory. As indicated by the formula, the current in- 
tensity increases very rapidly with rise of temperature, attain- 
ing in the case of an incandescent carbon filament a value of 
2 to 3 amperes per square centimetre. The results lead to a 
yalue for n, and also for the work w ; the values in the case of. 
platinum working out at w=l-3x lO^i per c.c, and for w the 
equivalent of the work done in moving the charsre e through 
n P.D. of 5-6 volts. 



FREE ELECTRONS IN METALS. 



137 



Measurements have been made on the velocities of emission 
of the electrons ; the numbers found are of the value predicted, 
whilst the law of distribution of the velocities is in accordance 
with Maxwell's law. 

The rate of emission is greatest in the case of the electro- 
positive elements. For sodium the effect is considerable at a 
temperature as low as 200°C. MetalKc calcium may be raised 
to temperatures considerably above 1,000°C., and under these 
conditions the emission far exceeds that of platinum at the 
same temperature. 

That the electricity actually is carried by free electrons was 
first shown by Sir J. J. Thomson by measuring the maximum 
distance to which charged particles could escape when a known 
tnagnetic field was applied parallel to the surface. Eecently 
G. Owen and Halsall, using the same method, have shown that the 
proportion of electricity carried from a hot filament of metal in 
vacuo, otherwise than by electrons, is' exceedingly minute, if any. 

7. It is necessary to point out that the emission of electrons 
often accompanies chemical reactions within the heated sub- 
stance, or between it and the surrounding gas. Pring and 
Parker (" Phil. Mag." 1912) have shown that the currents 
obtainable from a heated rod of carbon fall off greatly as the 
pressure of the surrounding gas is reduced below 1 mm. of 
mercury, and also with time as the carbon rod became pro- 
gressively purer. 

Again carbon and certain metals exhibit the phenomena of" 
" sputtering," in which fine particles — aggregates apparently 
of some thousands of molecules — are thrown off from the heated 
body. Kaye and Harker (" Proc." Eoy. Soc, 1912 and 1913) 
have shown that the sputtered particles may be charged with 
negative electricity, and that it is thus possible to convey com- 
paratively large currents across the gas separating unequally 
heated electrodes, even in the absence of any external E.M.F. 
In one case where concentric cylindrical carbon tubes were 
maintained, the inner at a temperature of nearly 3,000°C., the 
outer at about 1,500°C., the current (in air at atmospheric 
pressure) through an ammeter connected across the elec- 
trodes rose to 2^ amperes. They concluded that the part played 
by free electrons in such experiments, where the surrounding 
gas is at atmospheric pressure, is comparatively negligible, 
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In dealing with, the emission of electrons from metals it may 
thus be necessary to allow for departures from the law of 
emission of free electrons as given in equation (3), owing to the 
existence of chemical action or of sputtering. 

8. The emission of electrons from a hot body has some impor- 
tant applications in theory and practice. The Edison effect in 
glow lamps is an instance of the phenomenon. In the hands 
of Prof. Fleming this has become the basis of an electric wave 
detector, the hot filament readily parting with negative elec- 
tricity to a neighbouring electrode, but refujsing to permit a 
current in the opposite direction. This " unilateral conduc- 
tivity " enables the apparatus to serve as a rectifier or valve. 

It is interesting to note the fact, of which good use is made 
in facilitating the discharge in vacuum tubes, that the hot 
oxides of the alkaline earths copiously emit electrons, the law 
of increase with temperature being apparently the same as for 
a metal. By employing a cathode consisting of a platinum 
strip on which is a speck of lime or baryta, the strip being 
raised to a bright red heat by an independent electric current, 
a strong beam of cathode rays may be obtained with a fall of 
only'one to two hundred volts across the tube. 

The intensity of the efiect in the case of these oxides is 
surprising. By the same reasoning that was used above to 
account for the low electrical conductivity of metallic salts, it 
might have been expected that the rate of emission from the 
oxides would be less than from the pure metals at the same 
temperature. The experiments of Horton on calcium and lime 
have demonstrated the contrary to be undoubtedly the case. 

A cosmical application consists in the theory of the emission 
into space of streams of negative electricity from the sim's 
surface. Such an emission would leave the sun positively 
electrified, and the efiect would cease. Even then, however, 
local rises in temperature, such as are believed to occur in sun- 
spots, would permit the efiect to be for a time resumed. It is 
such streams, entangled by the magnetic lines of the earth's 
field and diverted to the magnetic poles, which have been 
invoked to account for the aurora and for sudden disturbances 
of the terrestrial magnetic elements (see Chapter VI.). 

This survey of the phenomena associated with the presence 
of free electrons in metals will be completed in the succeeding 
chapter. 
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FREE ELECTE0N8 IN METALS {continued). 

The phenomena of electric and thermal conduction and of Inttoductory. 
the emission of electricity from hot surfaces have been shown to 
be explicable in terms of a single conception of the nature 
and properties of electricity in metals. According to this 
view atoms of negative electricity, or electrons, exist in the 
interstices of the metal, just like molecules of a perfect gas 
in their possession of translatory movement and of kinetic 
energy, but possessing, over and above, the properties of elec- 
trically charged particles. 

A theory of radiation has been worked out by Lorentz which 
has the merit of unfolding a mechanism of emission of radiant 
energy by a hody. As is well known, Boltzmann has discovered, 
from thermodynamical considerations, an expression for the 
total radiation from a full radiator or black; body ; and Wien 
another for ihe law connecfing intensity, wave-length and 
temperature, likewise in the case of a full radiator. The thermo-' 
djmamical reasoning cannot be carried so far as to determine 
the form of the spectral energy curve, though given the curve 
at one temperature, Wien's law asserts tliat the curve for any 
other temperature may be drawn. It would, appear that the 
derivation of a fully explicit formula demands a knowledge of 
the mechanism of radiation. Planck has worked, out a forniula 
based on a special conception of atomic electrical vibrator. 

On the theory of free electrons the radiation emitted by a 
metal is regarded as the sum total of the disturbances resulting 
at collision of the free electrons with atoms of the metal. When 
an electric charge is stopped or started, or more generally when- 
ever it is accelerated, it becomes the centre of an electromag- 
netic disturbance travelling outwards in the surrounding ether. 
A sodium fiame emits waves of a definite period, suggesting the 
presence in the sodium atom of electrons in regular orbital 
motion. But when an electron is suddenly stopped thin pulses 
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of electric and magnetic force travel out. Rontgen rays are 
generally regarded as constituted of such pulses. In the hands 
of Lorentz it appears that the heat radiation of a metal may be 
satisfactorily accounted for as being built up of pulses so 
generated ; and by the application of Fourier analysis he has 
found an expression completely defining the emissivity as a 
function of temperature and wave-length. The theory, it 
must be added, is not complete. It applies only to waves of 
comparatively great wave-length, lying within the infra-red 
portion of the spectrum. 

Sir J. J. Thomson has applied similar considerations to 
account for the fact that the spectral energy curve has a maxi- 
mum at some specific wave-length depending on the temperature. 

The phenomena of thermoelectricity may be interpreted in 
terms of a diffusion of electrons arising from diSerences in their 
concentration, such as occur at the junction of two dissimilar 
metals, or at points of diSerlng temperature in the same metal. 
For such diffusion is not only a diffusion of matter, but of elec- 
tricity also. Electrical forces are consequently set up which, 
integrated over the circuit, result in an E.M.F., the thermo 
E.M.P. of the circuit. 

There remains for consideration a group of phenomena arising 
from the influence of a magnetic Held on the flow of heat, or of 
electricity, in a conductor. The theory of free electrons will be 
found to be applicable to- all these phenomena, through striking 
ing divergences between experimental facts and the conse- 
quences of the simple theory have yet to be bridged over. 

In regard to the estimation of the number of electrons in unit 
volume of a metal there are some three lines of argument avail- 
able. It will be seen below that the estimates are by no means 
in perfect agreement. One is forced to conclude that in spite 
of its alluring simplicity, the free electron theory should be held 
for the present with much reserve. 

1. The Mechanism of Radiation. — Sir J. J. Thomson in 1900 
suggested that the radiation emitted by a hot conducting body 
might have its origin in the ether disturbances set up within ■ 
the body when the rapidly moving free electrons collide with ; 
the atoms. 

(1). Two or three years later Lorentz published a memoir in. 
which this idea is worked out in detail. He considers first-' 
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the absorption of energy by a thin plate of the metal on which 
radiation is falling. If the half-period of the radiation is great 
compared with the period in which an electron describes its free 
path, the work done upon the electrons by the electric force in 
the incident beam is expressible in terms of the conductivity of 
the metal for steady currents. The coefficient of absorption is 

then simply A=:^ . A ; where V=velocity of light, and A 

= thickness of plate. For the conductivity o- Lorentz derives the 

expression 0-= /— g-. (This differs from the expression 

/"2 
(1) of the preceding article by the factor / — -; which proceeds 

\l on 

from the fact that Lorentz adopts a more rigorous treatment of 
the problem of conductivity, in which Maxwell's law of distri- 
bution of velocities is employed.) Thus we have 

According to this formula the absorption coefficient for a 
particular metal is the same for all wave-lengths, varying from 
one metal to another simply in proportion to the steady-curreat 
conductivity. This is certainly not true for short wave- 
lengths, as is demonstrated by such facts as the green colour of 
the light transmitted by gold leaf. The researches of Hagen 
and Rubens have furnished ample data for determining the 
range within which this assumption is applicable. They 
have shown that for a wave-length of 4^ the absorption coeffi- 
cient of a metal is already in close agreement with that calcu- 
lated from the steady conductivity, whilst at 25^ the agree- 
ment is practically complete. Lorantz considers his theory 
therefore to be limited to waves of length exceeding the latter 
value. 

The next step consists in an analysis of the radiation emitted 
by the same plate. When an electron moves with acceleration 

2 e^p 
f it emits radiation at the rate of « y" P®'^ second. Accelera- 
tions occur at collision of the electrons with atoms of the 
metal. The resultant effect of a vast number of collisions may 
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be submitted to Fourier analysis. The result would, at first 
sight, appear to depend on the law of force during collision. 
Lorentz assumes the period of collision to be small compared 
with the time of description by the electron of its free path, and 
by a choice of method of integration surmounts the necessity of 
considering the details of actual collision. The outcome of his 
treatment is the following expression for the emissivity E, in 
which A stands for wave-length : — 

The emissivity is thus dependent on the nature of the metal 
and on the wave-length. 

Combining the equations (a) and (b) the ratio of the emis- 
sivity to the coefficient of absorption is given by 

E 2 oev 

.A=3l^ ^"^ 

This is evidently independent of the nature of the metal, a 
result which is none other than KirchhofE's law of radiation. 
Since the coefficient of absorption of a black body is unity, 
the expression on the right-hand side of (c) represents the 
emissivity Ej of the black body or full radiator. 

It is convenient to state the result in terms of the radiant , 
energy per c.c. in an isothermal enclosure. The energy com- 
prised between two wave-lengths A and X+dX may be written 
edX or F{X,6)dX. The quantity V{X,6) plotted as ordinate 
against 2 as abscissa yields the spectral energy curve of a full 
radiator. Now Ej, and F(A,6) are connected by the relation 

J'(A,6) = ^.Ej. We may. thus write 

8n 2aeY mnad ^ 

Fae)=Y.3^=^^ ^^^ 

which expresses the conclusion of Lorentz's analysis. It is 
seen to be in harmony with Wien's law as deduced from thermo- 

dynamical principles, namely F{X,6) = y^- f(X,d), where /(A,0) 

represents an xmknown function of the product of temperature 
and wave-length. 
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It may be added that the formula (d) agrees with Planck's 
fonnula when the wave-length is large, and also with one de- 
duced by Jeans from considerations of a more general nature. 

(2). It will be seen that Lorentz's formula gives no clue as to 
the origin of the maximum actually found in the spectral 
energy curve of the black body. It shows, instead, a radia- 
tion increasing indefinitely as X decreases : the formula is, as 
already stated, expressly limited to great wave-lengths. 

Sir J. J. Thomson has treated the problem with a view to Energy 
elucidating the conditions for a maximum. On a particular Maximum. 
assumption as to the law of repulsive force between the elec- 
tron and the atom during collision, namely, the inverse cube 
law of distance, he arrives at the formula 

^ lemad *tT . 

"3 7*^""^ ' ^^^ 

where t denotes the period of collision of an electron with an 

atom. This will agree with Wien's formula, provided e ^ 

h 

is of the form e ■^f : that is, if t is inversely proportional to 6, or 
to 1^. E will then be a maximum when 47!;Vt=4A, that is, when 

(period of collision) =— (period of light) ; as the temperature 

rises, t, and consequently X„„ must change in inverse pro- 
portion — which is Wien's displacement law. 

' Applying the above results to the case of X-rays, generated by X-Rays. 
the impact of cathode rays travelling at a speed of 10^" cm. per 
sec.^ it appears that these rays should correspond with light radia- 
tion of very small wave-length. The wave-length of maximum 
intensity may be foimd as follows : The maximum in the spectral 
energy curve of a black body at 0°C. occurs at a wave-length of 
10"^ cm. The speed of a free electron in a metal at that tem- 
perature is 10' cm. per sec. (corresponding to a period of collision 

1 10-3 
of --^ — inro^-^*^'^* ^^' ^^^^^y)- Now temperature bemg 

7Z O y\ l.\J 

measured by the square of the particle velocity, a speed of 
10^" cm. per sec. will correspond to a temperature of 273 x W°G., 
and the wave-length of maximum intensity will be reduced to 

, or 10-^cm. The value of the wave-length of X-rays 

106 
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calculated in this way agrees exactly with that deduced from 
the recent remarkable experiments of Laue, Bragg and others 
on the phenomena of interference exhibited by these rays 
when incident on certain crystals. 

2. Thermo-electricity. — When two different metals are placed 
in contact there will be a flow of free electrons across the' 
junction from the metal containing the greater number of elec- 
trons per unit volume to the other containing the smaller 
number. This will leave the former positively, and the latter 
negatively, electrified. An electric field will thereby be set upi 
opposing the flow, and a point of equilibrium will be reached, 
the two metals being then at some definite P.D. apart. The 
region of varying concentration will be confined to a narrow 
stratum extending on either side of the boundary b, an elec- 
trical double layer being thereby constituted (see Fig. 51). 
The Peltier A calculation of this P.D. shows that it is small. A value 

Effect. pf I Yoj^ ^ould require a ratio of free electrons per unit 
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Fig. 51. — D1.4.GRAMMAT10 Ili-ustkation or the Pbltiee Effect. 

volume of the order of 10", a value quite incompatible with 
that required to account for the difference of conductivity 
between any pair of metals. Clearly the effect in question is not 
the Volta contact E.M.F. It is to be identified with the 
Pekier effect. Thus in the case of the couple antimony 
and bismuth, ifor which the effect is large, say ^g- volt, the ratio 

— of electrons per c.c. works out at 3-8. The efiect is of 

theoretical importance as indicating that the number of free 
electrons per unit volume does not vary greatly from one metal 
to another. 

In connection with this phenomenon a serious discrepancy is 
to be noted. It arises in regard to the respective changes in elec- 
trical conductivity and in the Peltier effect which occur at fusion. 
The conductivities of tin, zinc and lead at their melting points 
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arc about twice as groat in tlio solid as in the liquid state. As 
there is but little change in volu)ne— a slight contraction only — 
at fusion, the free paths of the electrons are hardly likely to have 
altered. As a reference to the formula shows, the variation of the 
conductivity at fusion can only be attributed to a proportional 
variation in the number of free electrons per unit volume. For 
consistency in the theory we should therefore liave a compara- 
tively large Peltier effect at the boundary of the solid and 
lirjuid metal. No sucli result, however, has been observed. 

The mechanism of the second thermoelectric phenomenon. The Thomson 
the Thomson effect, is of a similar nature. A temperature- ^**^'^*' 
gradient m one and the same metal involves a greater 
pressure at the hot end than at tlie cold end of a bar. A flow of 
electrons from the hot to the cold end results ; the hot end 
thereby becomes positively electrified, the cold end negatively 
{see Fig. 52). This, again, sets up an electric force from right to 
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Fig. r>2. — Diagra.^imatic Illustr.vtion of the Thomson Effect. 

left, counteracting the migration of electricity, and a balance 
occurs when the pressure gradient at eacli point is equal to the 
total force due to the action of the electric field on all tjie 
electrons present in unit volume. Referring to the diagram, 
suppose now an external E.M.F. applied so as to drive a current 
from left to right. Let us consider the energy removed from 
or added to a stratum of width dx. The current is conveyed by 
electrons flowing from right to left. Tlie electric force due to 
the temperature-gradient is from riglit to left, so tjiat electrons 
must receive enci-gy in passing across the stratum, whilst the 
metal within the stratum loses the same amount. This iinphes 
a coolinf/ of the element of metal considered. This, however, is 
not the onlv item in the account. If tlic fall of temperature 
across the stratum is ilO, each electron passes out with an 
amount of kinetic enci'gy « . dO less than that with which it 

E P.P.. L 
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entered. Tlie defect is equivalent to the amount of heat re- 
tained within the stratum, and thus there exists a heating 
enect. 

This development of heat, over and above the usual Joulean 
heating, which ensues when a current of electricity passes along 
an unequally heated conductor, constitutes the effect which 
Lord Kelvin, then William Thomson, foresaw from thermo- 
dynamic reasoning on the thermoelectric circuit. It is, on the 
free electron theory, made up of the sum of two terms of oppo- 
site sign. It appears then that the Thomson effect may be 
positive for some metals and negative for others (according to 
which of the two constituent terms preponderates), and this is 
well Icnown to be actually the case. The coefficient is said to 
be positive (as in copper) when the passage of an electric current 
in the direction of the rise of temperature is attended by the 
absorption of heat : it is what would happen if a stream of 
liquid were to pass along an unequally heated tube, the tube 
giving up heat to the liquid if the flow is up the temperature 
gradient, gaining heat from the liquid if the flow is down the 
temperature gradient. The Thomson coefiicient is indeed 
the exact analogue of the specific heat of the liquid ; unlike 
specific heat, however, it is sometimes negative in value, as in 
iron. 

The effect is found to be exceedingly small in practice ; 
and this denotes that the two terms of which it is composed 
largely neutralise one another. Even in bismuth, for which 
the effect is comparatively large, its magnitude is only one- 
third of the value of the larger term. Theoretically this ap- 
proximate equality of the two component terms is of much in- 
terest. It leads to a relation between temperature and the 
number of free electrons present in a metal. In the case of 
exact equality the number of free electrons per unit volume 
would vary as the square root of the absolute temperature. 
For metals in which the Thomson effect is positive the 
variation with temperature should be a little more rapid ; where 
the effect is negative, a little less rapid. 

The Hall 3- Effects of a Magnetic Field. — There is a large number of 

Effect. beautiful effects deducible (from the free-electron theory) in 

regard to the flow of electricity, and Hkewise of heat, in a con- 
ductor which is placed in a magnetic field. Some of these 
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phenomena will be briefly alluded to. Consider a current of 
electricity passing along a bar, as represented in Fig. 53. 
Let a magnetic field H be impressed perpendicularly to the 
plane of the diagram, the direction of the lines of magnetic 
force being from above below. Then if the current is con- 
veyed by electrons travelling with speed u from right to left, 
each electron will experience a force Hew in the direction per- 
pendicular both to H and the direction of the current, as indi- 
cated by the arrow a. The lower edge A'B' will thus be nega- 
tively charged, owing to the presence of electrons in excess ; 
the upper edge positively, owing to defect of electrons. A limit 
to the amount of this electrification is imposed by the opposing 
pressure-gradient which measures the tendency towards equality 
of distribution. There will be in the equilibrium state a trans- 
verse electric force which, integrated across the bar, con- 
stitutes an E.M.P. In practice such a transverse E.M.F. is 
found to exist, constituting the Hall effect. 
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Pig. 53. — Diagbammatic Illustration of the Hall Effect. 

The complexity of the experimentally determined laws of 
this effect is in striking contrast to the simplicity of the theory. 
The latter demands an effect of the same sign in all metals, the 
magnitude being simply proportional to the field. Actually 
the sign of the E.M.F. is in some metala — e.g., iron and tellu- 
rium — found to be opposite to that predicted. It is not always 
in proportion to the field ; indeed, the sign itself may depend 
upon the intensity of the field. Many explanations of these 
apparent anomalies have been offered. Thus, in regard to 
iron, Sir J. J. Thomson has suggested that the reversal of sign 
is due to the disturbing influence of the strong field of the mag- 
netic molecule. A. W. Smith has recently investigated the 
effect in this metal at temperatures above the critical tempera- 
ture, but though it is much reduced he has failed to observe 
any change of sign. 
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Effect.""** '^^^ Nernst efiect is similar to the Hall efEect. In tliis case 

the phenomenon is due to the action of a transverse magnetic 
field on a bar through which heat is flowing; again an 
E.M.P. in the direction perpendicular to the direction of 
flow and to the field should be produced. The efiect observed 
appears to be of the same sign in all metals, agreeing v/ith that 
indicated by the theory. 

The change of electric resistance of metals in a magnetic 
field is of practical interest. In bismuth it is very large and 
forms the basis of the well-lcnown application of the bismuth 
spiral to the measurement of intense magnetic fields. Accord- 
ing to the recent experiments of Roberts the effect in crystals 
of graphite is still greater. It is noteworthy that the diamag- 
netic susceptibility of this material is also greater than that 
of bismuth, hitherto regarded as the most diamagnetic 
substance. The explanation of the change in resistance, on 
the electron theory, lies in the existence of a secondary Hall 
effect. It wiU be seen from Fig. 53 that, owing to the existence 
of the transverse magnetic field, the motion of electrons in the 
direction shown by the arrow involves a force, on them in 
the direction opposite to that of the main fiow. This is 
equivalent to an electric force opposing the impressed 
E.M.F. The current is consequently reduced in value, 
and we have virtually an increase of electric resistance of 
the conductor. 

The Number 4 The Number of Free Electrons. — The total number of elec- 

of Free 

Electrons in trons in the atom of a metal is estimated to be about the same 

Metals. as the number expressing the atomic weight, say, 27 for alumi- 

nium, 200 for mercury, &c. On the other hand, the number of 
free electrons per unit volume appears to be much the same in 
all metals, not differing very considerably from the rate of one 
per atom. The following methods of determining this quan- 
tity have been employed : — 

(i.) The formula for the electrical conductivity contains two 
unknowns — namely, the mean free path of the electron and the 
number of electrons per unit volume. As the distance apart of 
the atoms is of the order 10-^ cm., the mean free path of an 
electron may be taken to be of the order of ten times that 
magnitude, say, 10-" cm. Assuming this, the value of n 
follows. Thus for silver w=9xl0^*; the estimate, which 
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cannot be regarded as more than a rough one, is equivalent to 
assigning five or six free electrons to each atom of the metal. 

{ii.) The coefficient of absorption of radiation by a metal may- 
be expressed in terms of its conductivity for steady currents, 
provided that the period of the radiation is large compared with 
the time taken by the electron in describing its free path in the 
metal. The result of increasing the period of the incident 
radiation is to reduce the effective conductivity to an extent 
theoretically calculable. Now Hagen and Rubens' experiments, 
already quoted (p. 122), furnish data for the variation of effective 
conductivity with wave-length, and thus permit of an estimate 
of the period between two collisions. Thus, whilst for a wave- 
length of 25^ the conductivity is practically the same as the 
ordinary steady-field value, at iju the conductivity has fallen 
by about 20 per cent. From this Sir J. J. Thomson deduces 
that the interval between collisions is less than one-quarter the 
period of light of wave-length 4^ ; and this being known, a 
lower limit to the average speed u of the electron in unit electric 
field may be arrived at. The application of the usual conduc- 
tivity formula, cr=weM, then leads to a minimum estimate for n. 
In the case of silver, n works out to be not less than 1-8 X 10^* 
per c.c. Comparing this with the nimiber of atoms 1-6 x 10^^ per 
unit volume it appears that the number of free electrons in 
silver is not less than 11 per atom. 

Estimates previously made by Drude and by Schuster, from 
considerations bearing on the same effect, namely the absorp- 
tion of light by a metal, lead to different numbers. Drude 
gave the average number of free electrons per atom in silver 
as 1-06, in mercury 3-39, in antimony 7-54. Schuster con- 
cluded that the number per atom varies in different metals 
between the limits 1 and 3. 

(in.) The law of Dulong and Petit, that the product of atomic 
weight and specific heat is practically the same for all metals, 
allows of a very simple expression on the theory of electrons. 
Each free electron in a metal at a temperature 6 is regarded as 
possessing a quantity of kinetic energy ad, the same as for a 
molecule of a perfect gas at the same temperature. The law 
cited above amounts to the statement that the heat energy per 
atom of any metal is equal to 2a0. The problem now arises as 
to the location of this energy. Do the atoms of a solid possess 
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kinetic energy governed by temperature ? If not, this heat 
energy may be attributed to free electrons associated with the 
atom, and the number of these per atom must be taken as two ; 
Jeans has advanced reasons for accepting this conclusion. In 
any case we arrive, from Dulong and Petit's law, at a maximum 
value of two free electrons per atom of a metal. 
Conclusions. Though the three lines of argument above outlined agree in 

pointing to the conclusion that the number of free electrons in 
a metal is comparable with the number of atoms, there appears 
to be a real incompatibility between the limits, one a minor the 
other a major limit, assigned by the last two methods. Taken 
along with discrepancies met with here and there within the 
range of phenomena embraced by this comprehensive theory, 
there seems to be in store, to say the least, a considerable degree 
of mental discomfort for anyone who is content to repose on the 
kinetic theory of free electrons in its simple form. On the other 
hand, the remarkable fertility of the idea in accounting in the 
main for such a diversity of facts proves that it contains a 
substantial element of truth. 



CHAPTER XIII. 



MAGNETIC BODIES COMPOSED OP NON-MAGNETIC 
ELEMENTS. 

1. Heusler, in 1903, opened a new chapter in magnetism by Introductory. 
his announcement of the discovery of the magnetic alloys of 

copper, aluminium and manganese. For the first time ele- 
ments which alone are very feebly, if at all, magnetic, were 
shown to be capable of forming when in combination a ferro- 
magnetic body. Starting with the non-magnetic manganese- 
copper alloy containing about 30 per cent, of manganese, 
Heusler found that by the addition of a third element, which 
might be Al, As, Sb, Zn, or Sn, substances were produced 
which were strongly attracted to the poles of a magnet, 
and capable of retaining permanent magnetism. Binary 
compounds of manganese were also discovered, such as the 
boride, arsenide, antimonide and bismuthide, showing the 
same properties in a less degree. ', 

Further investigations have been carried out by Fleming and 
Hadfield, by Prof. Gray, A. D. Ross and other workers at 
Glasgow, by Wedekind, Hill, Knowlton, as well as by Heusler 
and his co-workers. 

2. Of the tertiary alloys with copper and manganese by far j|,g Heusler 
the most magnetic are those in which aluminium enters as the Allays. 
third constituent. The best results are obtained with alloys 
containing approximately 63-5 per cent, of copper, 25 of 
manganese, and 12-5 of aluminium. As the percentage of 

copper is reduced the magnetic quahty improves. This re- 
duction cannot, however, in practice be carried below 60 per 
cent., owing to the hardness and brittleness thereby resulting. 
Alloys containing more than 60 per cent, of copper are amenable 
to working on the lathe, though forgings are not possible. 

The aluminium alloy may be broadly classed with nickel and 
cobalt and the medium grades of cast iron. It gives the well- 



152 



REGENT PHYSICAL RESEARCH. 



Effects of 

Thermal 

Treatment. 



known general form of BH curve, with B from 3,000 to 5,000 
for H = 150. A maxunum permeability of about 200 is reached 
at low field strength (below 10 C.G.S.) ; the highest saturation 
intensity that has been measured is about one quarter of that 
of pure iron. 

The coercive force, and consequently the hysteresis loss in a 
cycle, depend considerably on the thermal treatment under- 
gone by the specimen. The effects of this treatment are very 
comphcated, and moreover vary according to the third com- 
ponent present. Considerable difficulty has consequently 
resulted in defining the magnetic behaviour of this class of 
bodies ; and to this fact are attributable the apparent contra- 
dictions between the results of difierent observers. The behaviour 
of the aluminium-copper-manganese group, according to Knowl- 
ton, is as follows : These alloys possess a critical temperature, or 
temperature of magnetic transformation, varying between the 
limits of, say, 250°C. and 450°C., according to percentage 
composition. The change from the magnetic to the non- 
magnetic state appears to occur over a range of temperature ; 
beginning at a definite point, proceeding rapidly at first, and 
becoming complete at an upper limit about 50°C. higher. 
When the specimen is quenched from a temperature 50°C. to 
100°C. above the upper limit, the specimen is left practically 
non-magnetic. If now the temperature be raised to 120°C. 
and maintained there for several hours, then on cooling fairly 
slowly to room temperature, the magnetic quality reappears 
to its full extent. This ageing quickly brings about certain 
favourable changes which at ordinary temperature would 
ensue in the course of a year or more. The effect of ageing 
at or just above the upper limit of transformation is 
generally favourable, whilst if the operation is conducted at or 
just below the lower temperature limit the magnetic quality 
is very much impoverished. Microscopic examination shows 
that extensive changes in crystalline structure correspond to 
the differences in magnetic quality. 

A. D. Ross has observed that quenching from still higher tem- 
peratures greatly reduces the hysteresis. Thus a specimen after 
quenching showed a coercive force less than 0-3 (the value for 
soft iron is 1-7). Moreover, whilst the loss of magnetic 
susceptibility resulting from the quenching may be restored 
by ageing at 120°C., the low coercive force still persists. It 
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has been suggested by Heusler that this fact may with 
advantage be utilised in the substitution of these alloys for 
iron in iron-cored electromagnetic instruments. 

The effect of very low temperatures has been studied at 
Glasgow. At the temperature of liquid air the permeability, 
in fields up to 200 C.G.S., may be greater by as much as 
25 per cent. If the alloy has been rendered feebly magnetic by 
quenching from a high temperature the magnetism is largely 
or entirely restored on cooling to — 190°C., though this 
improvement is not maintained, on return to ordinary 
temperature. 

3. Heusler recorded also the existence of ferro-magnetism in Binary 
certain compounds of manganese with one other element. Compounds. 
Wedekind has added a number of such bodies to the list ; and 
his and other researches go to show that the efiective agents 
are true chemical compounds. The most strongly magnetic 
appears to be the antimonide MnSb, whose susceptibility in 
low fields is about one-tenth that of cast iron. The boride 
MnB has the greatest coercive force (33-4 C.G.S.) ; permanent 
magnetic needles of this substance may possess a strength 
about one-half those of ordinary steel. Other bodies of this 
class are MnAs, MnBi, MnP, MnNg, MnSn. 

Wedekind has pointed out that with the single exception of 
nitrogen, trivalent elements combine with manganese in eqfual 
atomic proportions ; and that these compounds are consider- 
ably more strongly magnetic than those into which bivalent or 
quadrivalent elements enter. 

According to Hilpert and Dieckmann the critical tempera- 
tures of the compounds with the members of the fifth group of 
the periodic system are in the same order as the atomic 
weights : — 

Deg. C. Deg. C. 

MnP 18-25 MnSb 310-320 

MnAS 45-60 MnBi 360-380 

The interesting fact may be noted about the phosphide that 
it is magnetic on a moderately cold day, but becomes non- 
magnetic if held in the hand. 
, Data as to the magnetic properties of compounds con- 
taining Or or V, the remaining members of the iron 
group in the periodic arrangement of elements, are as 
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yet somewhat meagre. Botli elements appear to be para- 
magnetic, but there is evidence of the existence of ferro- 
magnetic oxides of chromium. 

4. The explanation of the magnetism exhibited by the Heusler 
alloys, and the other bodies containing manganese, is a matter 
naturally of the greatest interest. Manganese is clearly the 
essential constitiient, and the fact of its position in close con- 
tiguity with iron, nickel and cobalt in the Periodic System 
suggests the existence of a " latent " magnetism which 
under certain conditions ' becomes active. It is curious 
that the black peroxide MnOg was for long known as majnesia 
nigra, on account of its supposed magnetic properties ; the 
name manganese being thence derived t6 distinguish that 
element from magnesium. 

The evidence as to the magnetic character of the element 
itself is not as yet free from doubt. It has generally been 
regarded as a paramagnetic body. The commercially pure 
metal is, however, but a crude product, containing some 4 per 
cent, of impurities, chiefly copper and iron. Weiss claims to 
have produced the pure metal by electrolytic reduction of 
MnClj, using an anode of platinum-rhodium and a mercury 
cathode. The grey powder which resulted on driving ofi the 
mercury by heating in presence of hydrogen behaved, when 
compacted into a rod, as a paramagnetic body. Melted in an 
electric furnace composed of magnesia, in an atmosphere of 
hydrogen, it was found to behave as a ferromagnetic body. A 
B H curve was obtained showing an enormous coercive force 
(670 C.G.S.), and a remanent intensity one hmndredth that of 
pure iron. Even at H = 12,000 the specimen still remained 
unsaturated. This manganese appeared moreover to possess 
strong magneto-crystalline properties. This work afiords the 
best positive evidence available in favour of the possession of 
even moderate ferromagnetism by this element. 

Faraday's suggestion that possibly manganese at ordinary 
temperatures is above its critical point has received no experi- 
mental support. Experiments at liquid air temperatures, and 
quite recently by K. Onnes and Weiss at 14° abs., have given 
no indication of a transformation to the ferromagnetic state. 
Guillaume has revived the idea in a modified form in suggesting 
that the Heusler alloys owe their properties to the effect of 
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aluminium in raising the temperature of magnetic transforma- 
tion of manganese, but again the view appears to have an 
insufficient basis in fact. 

A. D. Ross supposes the advantageous effect of other 
metals to be due to the separation of the molecules of the 
manganese, with the consequent removal of the excessively 
high intermolecular forces which are assumed to act in the 
pure metal. In support of this view evidence is adduced that 
the susceptibility of copper containing minute quantities of 
iron is far greater than that calculated from the amount of iron 
present. 

5. Partial explanations have been attempted in the sense of 
locating the magnetic unit. It has long been clear that ferro- 
magnetism is at all events not a purely atomic property. 
Witness the case of iron, which in the pure state and in many of 
its alloys is highly ferromagnetic ; in ferrous sulphate and 
many other compounds is paramagnetic ; whilst in potassium 
ferrocyanide and iron carbonyl it enters as a component of a 
diamagnetic body. 

If it is determined by the molecule it becomes a matter of 
primary importance to discover the chemical constitution of 
this molecule ; a problem, however, not easy to solve completely 
when the body is in the solid state. Heusler's most recent work- 
leads him to regard the copper-aluminium-manganese alloys as 
chemical compounds of the composition Al^ Cu^ Mn3^_^, the 
copper and the manganese being able to replace one another 
isomorphously ; so that the extreme members of the series are 
Alj. Cug, and Al^ Mng^., or, neglecting molecular complexity, 
Al Cuj and Al Mug. His earlier published view that the ferro- 
magnetic " carrier " contained Al and Mn in equal atomic pro- 
portions appears as a special case of the above formula when 
the initial manganese-copper alloy contains 30 per cent, of 
manganese : such was at first the case in his experiments, and 
the alloy of maximum magnetisability was found to correspond 
to the composition Al Mn Cug. Ross is led to regard the above 
series of compounds as solid solutions of the compounds Cuj Al 

and Mng Al. 

In the case of binary combinations the evidence is increasingly 
in support of the conclusion that they are true chemical com- 
pounds of the elements concerned. As noted already, the 
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most magnetic bodies of this class are those in which man- 
ganese figures as a trivalent element. Other examples of the 
importance of chemical form appear. Magnetic oxide of iron, 
Fej04, may be regarded as a ferrite FeO. FcjOs. The FeO may 
be replaced by CoO or CuO, and the resulting cobalt and 
copper ferrites are likewise strongly Magnetic. Other com- 
pounds of the same class are known, in all of which the strong 
magnetisabiUty appears to depend on the acid function of the 
ferric oxide FcjOs- 
Or an_ _ The simple view that the molecule determines the f err©*- " 

onHolecuies ? ni^'g'istism is, however, difficult to hold in view of the enormous 
efEects of thermal treatment. Hopkinson's nickel -steel may 
be practically non-magnetic or highly magnetic at the same 
temperature, according to treatment. The same applies to 
some of the manganese steels, and, though perhaps in a less 
degree, to the Heusler alloys. Now it has been shown that the 
microstructure of these bodies varies greatly with change of 
magnetic condition. Thus has arisen the theory of the asso- 
ciation of molecules in some definite crystalline formation. 
Given the right kind of atom, in the right kind of molecule, in 
the right kind of crystal, and we have the unit of ferromag- 
netism. The process of ageing may be regarded as the slow . 
formation of the magnetic molecule and the simultaneous 
building up of these into the requisite kind of space-lattice ; 
or, more simply, as the latter change only, the correct geo-, 
metrical association of molecules. In other words, tempera-;* 
ture may be held to afEect the molecule itself, or only the 
manner of association of the molecule. This association 
furthermore, may be one of polymerisation, or one on a far 
larger scale — namely, crystal formation. 

Further experimental data are needed to throw light on the 
problem of the constitution of the ferromagnetic body. 



